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ELECTROPROCESSED FIBRIN-BASED MATRICES AND TISSUES 



5 FIELD OF THE INVENTION 

The present invention relates to novel methods of making and using electroprocessed 
fibrin. The invention comprises the use of electroprocessed fibrin as an extracellular matrix 
for numerous functions. Further, the invention includes combining electroprocessed fibrin 
and cells together to form engineered tissue. The engineered tissue can include the synthetic 
10 manufacture of specific organs or "organ-like" tissue. 

BACKGROUND OF THE INVENTION 

Fibrin is a natural clotting agent. Therefore, fibrin and fibrin derivatives have 
commonly been used in hemostatic applications. Its use in analogous applications and in 

15 connection with various reinforcing additives have been known and well-documented. 

In another field, tissue and organ replacement in patients with failing or damaged 
organ function is hampered by several significant problems. First, the source of replacement 
tissue or a replacement organ is typically a living related or cadaveric donor. Both of these 
sources are limited in number and cany the risk of exposing a recipient to pathologic viruses. 

20 Second, since the source of the replacement tissue or organ (with the exception of a living 
identical twin donor) is genetically distinct from the recipient, the problems of organ rejection 
and graft versus host disease are significant. Both of these problems can be treated with 
immunosuppression, but this can cause significant side effects and dramatically increase the 
risk of infection in a patient. 

25 In yet another field, the emerging techniques with respect to gene transfer can be 

dangerous when performed in vivo. In other words, in vivo gene transfer can expose a 
recipient to various viral complications. Further, there are limitations to known gene 
therapies, for instance, with respect to engineering viral coats large enough to accept large 
genes such as the gene for Factor VIII (anti-hemophilic factor). 

30 In a different field of study, the science of chemotherapy for cancer patients is, at least 

at some level, based on estimates of effectiveness of various treatments in combating a 
patient's cancer cells. There is no efficient way to identify the response of a patient's cancer 
cells to chemotherapy in vivo or in vitro. 
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What is needed is a new method of making a fibrin that provides the capability to use 
it in hemostasis, drug delivery, delivery of other substances, skin repair, wound treatment, 
tissue engineering, and various other applications. 

5 SUMMARY OF THE INVENTION 

The present invention to overcome the foregoing limitations by providing 
electroprocessed fibrin and an electroprocessed fibrin matrix, methods for making 
electroprocessed fibrin and fibrin matrix, and methods of using electroprocessed fibrin and 
fibrin matrix in a wide variety of applications. 

10 The electroprocessed fibrin of the present invention has several uses. In one 

application, electroprocessed fibrin may be used as an extracellular matrix. Electroprocessed 
fibrin may be combined with other natural and non-natural fibers, and also with cells. In the 
fields of tissue and organ replacement, the use of electroprocessed fibrin, including but not 
limited to, cells and fibrin, can overcome problems of potential infection and rejection. In the 

15 field of gene transfer, the manipulation of cells can occur in vitro, where cells that are 
cultured to be inserted into an extracellular matrix comprised of electroprocessed fibrin could 
be more easily manipulated and tested. In the field of wound caTe, a sheet of 
electroprocessed fibrin can be used to suppress hemorrhage, for example, using non- 
autologous electroprocessed fibrin to suppress bleeding in a hemophiliac, at an injury site or a 

20 chronic ulcer. The electroprocessed fibrin extracellular matrix implanted with cells may be 
used to test cell responsiveness to drugs or other test substances. In the context of 
chemotherapy, the electroprocessed fibrin extracellular matrix implanted with a patient's 
tumor cells could be used to identify in vitro the susceptibility of those cells to alternative 
chemotherapy treatments. Each of the foregoing alternatives can result in safer and more 

25 predictable medical practices. 

The present invention provides an extracellular matrix for promoting cell growth 
comprising the electroprocessed fibrin matrix. The fibrin can be formed of electrospun fibrin 
fibers or electroaerosol fibrin droplets. Electroprocessed fibrin may also be made through the 
use of molecules capable of forming fibrin. Fibrinogen and thrombin are two such 

30 molecules, and electroprocessing techniques of the present invention may be used to make 
electroprocessed fibrin from these or other molecules. Fibrinogen may also be processed by 
electrospinning or electroaerosol techniques and subsequently converted to electroprocessed 
fibrin by enzymatic methods. 

The present invention also provides an electroengineered tissue comprising 

35 electroprocessed fibrin and cells. Any cells may be used. The cells may be applied to the 
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electroprocessed fibrin through many techniques, including electroprocessing the cells 
together with fibrin or separately. The cells may be stem cells, committed stem cells, or 
differentiated cells. Cellular differentiation inducers may also be employed, including but not 
limited to peptide growth factors, drugs, or Ml or partial gene sequences in the sense or 
5 antisense direction. The engineered tissue may have a predetermined shape, and the 
electroprocessed fibrin and cells are used to form the desired shape. 

The present invention includes a method of manufacturing a fibrin-containing 
extracellular matrix using electroprocessing techniques. These techniques include, but are 
not limited, to electrospinning, electrospray, electroaerosol, electrosputter, or any other 

10 technique achieving electrodeposition onto a substrate or target. The method includes 
streaming an electrically-charged solution comprising fibrin onto a grounded target substrate 
under conditions effective to deposit the fibrin on said substrate to form an extracellular 
matrix. The polarity of the solution and ground may be interchanged. The electrically 
charged solutions may further comprise any molecules with the capability to make fibrin. In 

15 a preferred embodiment, electrically charged solutions may comprise fibrinogen and 
thrombin, used to make electroprocessed fibrin. Alternatively, the electrically charged 
solution may comprise plasma and thrombin. The fibrin, or fibrin-forming molecules, 
streamed on to the substrate may comprise either electrospun fibers or electroaerosol 
droplets. Carrier molecules, such as polyethylene glycol (PEG), may be used to facilitate 

20 electroprocessing. For example, if the preferred solvent for a given component of the system 
is aqueous (for example a drug compound), the fibrinogen or fibrin may be suspended in 
water in the presence of high molecular weight PEG. PEG spins readily from water and acts 
as a carrier to electrodeposit the fibrinogen or the fibrin molecules in a specific site with a 
specific pattern or random pattern. Carriers may also be used to process fibrinogen/fibrin 

25 from pure organic solvents. 

The present invention also provides a method for manufacturing a fibrin-containing 
extracellular matrix having a predetermined shape. The method includes pre-selecting a 
mold adapted to make the predetermined shape and filling the mold with fibrin or fibrin 
forming molecules using electroprocessing techniques. Alternatively, the method may 

30 comprise pre-selecting a mold adapted to make the predetermined shape wherein the mold 
comprises a grounded target substrate. Then, one or more electrically charged solutions 
comprising fibrin, or molecules capable of forming fibrin, are streamed onto the grounded 
target substrate under conditions effective to deposit the fibrin on the substrate to form the 
extracellular matrix having the predetermined shape. The fibrin streamed onto the substrate 

35 may comprise electrospun fibers or electroaerosol droplets. 
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In the present method of manufacturing an electroprocessed engineered tissue, 
electrically charged solutions of the fibrin, or molecules capable of forming fibrin, and cells 
are electrodeposited onto a grounded target substrate under conditions effective to deposit the 
fibrin and cells onto the substrate. The fibrin and cells streamed onto the substrate may 
5 comprise electrospun fibers or electroaerosol droplets. Any cell may be used. The cells 
include, but are not limited to the following: stem cells and/or committed stem cells, 
including but not limited to the following: osteoblasts, myoblasts, neuroblasts, fibroblasts, 
glioblasts; germ cells, hepatocytes, chondrocytes, smooth muscle cells, cardiac muscle cells, 
connective tissue cells, epithelial cells, endothelial cells, hormone-secreting cells, cells of the 

10 immune system, and neurons. Electroprocessing may be used to deliver cells to a specific 
site within the body. In some applications it may not be necessary to pre-select the type of 
stem cell that is to be delivered to a specific site using electroprocessing techniques, because 
many types of stem cells can be induced to differentiate in an organ specific pattern once 
delivered to a given organ. For example, a stem cell delivered to the liver may be induced to 

15 become a liver cell simply by placing the stem cell within the biochemical environment of the 
liver. Electrospinning is effective at this type of application because the matrix can be 
tailored to a specific organ site. Also the electrospun matrix can be "programmed" to be 
stable or to degrade rapidly. 

The present invention provides a method for manufacturing an electroprocessed, 

20 fibrin-containing extracellular matrix. The method includes an electrically grounded 
substrate and further provides one or a plurality of reservoirs containing fibrin solutions or 
solutions of molecules capable of forming fibrin. In one embodiment, the reservoirs are 
connected substantially at a single orifice that allows the mixture of solutions from the 
reservoirs upon exit from the reservoirs. The solutions are electrically charged and the 

25 mixture of solutions is streamed onto the substrate to form an extracellular matrix. In an 
alternative embodiment, the plurality of reservoirs comprises first and second reservoirs. The 
first reservoir has a solution comprising fibrinogen and the second reservoir has a solution 
comprising thrombin. Fibrinogen may also be electrospun, with or without a carrier 
molecule, for example, PEG or collagen, and processed into fibrin subsequent to 

30 electroprocessing. It is also possible to electrospin these materials onto a target or solvent 
bath containing thrombin and other biochemical agents that process fibrinogen to fibrin. It 
this type of application fibrinogen is electroprocessed and converted to fibrin at some time 
after its deposition on the target. 

The present invention includes the product of the process of electroprocessing 

35 fibrinogen and thrombin. This processing may comprise electrospinning fibrinogen and 
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thrombin to make fibrin, it may comprise electrospraying fibrinogen and thrombin droplets, it 
may comprise electrosputtering fibrinogen and thrombin, or it may comprise electroaerosol 
deposition of fibrinogen and thrombin. Regardless of the method employed, fibrin is 
electrodeposited onto a substrate or target. Cross-linking agents may also be employed 
5 together with the electroprocessed fibrin. For example, the introduction of covalent bonds by 
Factor Xllla increases structural rigidity and delays subsequent matrix dissolution. 

One method for making a matrix of electroprocessed fibrin includes providing a 
substrate and two reservoirs of solutions, one solution comprising fibrinogen and the other 
solution comprising thrombin or other substances, wherein the reservoirs each have an orifice 

10 that allows the solution to leave the reservoir. In one embodiment, each orifice 
communicates with a common channel to allow the two solutions to be combined and ejected 
through an orifice to the common channel. Then, either the substrate or the solutions are 
electrically charged and the other is grounded. The fibrinogen and the thrombin are then 
streamed from the common orifice onto the substrate to form a matrix. The step of streaming 

15 fibrinogen and thrombin may form a matrix of electroprocessed fibrin fibers. This step may, 
alternatively, form a matrix of electroprocessed fibrin droplets. 

In another arrangement, separate reservoirs containing solutions comprising 
fibrinogen and thrombin do not communicate through a common channel but have individual 
orifices that permit streaming of the solution from each reservoir. The simultaneous co- 

20 streaming of the two solutions permits fibrin to form on the target, or in the atmosphere prior 
to reaching the target. 

In yet another arrangement, a reservoir containing a solution of fibrinogen may be 
used to electrosputter, electrospray or electrospin fibrinogen onto a target containing a 
thrombin solution or a surface layer containing thrombin in order form fibrin directly on the 

25 target. Carrier molecules may optionally be employed to passively carry fibrinogen to the 
target or surface layer. Alternatively, a solution of thrombin may be used to electrosputter, 
electrospray or electrospin thrombin onto a target containing fibrinogen to form fibrin. Since 
the clotting reaction proceeds with reasonable speed in the presence of calcium ion, a 
calcium-free fibrinogen plus thrombin, or calcium-free plasma plus thrombin can be 

30 electroprocessed onto a target containing calcium. Alternatively, a calcium-free stream of 
any fibrin-forming molecule can be electrodeposited together with a calcium-containing 
stream of any fibrin-forming molecule. 

A further method for making a matrix of fibrin provides a substrate, a target, and at 
least two separate reservoir solutions, one including fibrinogen and the other including 

35 thrombin, wherein the each reservoir has an orifice that either: a) allows the solution to leave 
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the reservoir and contact the other solution through a common channel in communication 
with each orifice prior to electroejection of the mixed solutions from an orifice located at an 
end of the common channel, or h) permits electroejection directly from an opening in 
communication with the orifice from each reservoir. Then, either the target or the solution is 
5 electrically charged and the other is grounded. The substrate is disposed between the orifice 
and the target. The fibrinogen/ thrombin mixture or the separate solutions of fibrinogen and 
thrombin are then streamed from the reservoir and through the orifice onto the substrate to 
form a matrix. The step of streaming these fibrinogen and thrombin solutions forms a matrix 
of fibrin fibers or alternatively, a matrix of fibrin droplets. Further, the substrate may define 

10 a preselected shape. The fibrin matrix can be formed in the presence of cross-linking agents 
or may be treated with cross-linking agents after streaming. 

The electroprocessed fibrin of the present invention may be employed as a vehicle or 
carrier for scaffolds of other extracellular matrix proteins, drugs and other substances. If 
electroprocessed fibrin were combined with other polymers or natural or non-natural fibers, 

15 and the polymers were cross-linked in the electroprocessed fibrin, the fibrin would later 
dissolve through natural or artificial means, leaving the cross-linked scaffold in place. 

The electroprocessed fibrin of the present invention may be employed as a vehicle for 
drug delivery or delivery of other substances, for example, anti-oxidants, vitamins, cosmetics, 
nucleic acids, vectors, wound care products, and hormones. This electroprocessed fibrin can 

20 be used as a "bio-degradable" depot system, placing high concentrations of a substance such 
as a drug at a specific location. Drug release can be tailored by altering the structure of the 
electroprocessed fibrin or the rate at which it dissolves. Any drug or other substance may be 
combined with the electroprocessed fibrin. 

The electroprocessed fibrin is particularly useful in application to the dermis and 

25 epidermis, for example in therapeutic or in cosmetic applications. For example, the 
electroprocessed fibrin is useful in vascular grafts for promoting endothelialization. Healing 
and wound repair, for example with, cuts, abrasions or ulcers represents a preferred 
application of the invention. Such applications may employ antibiotics, antibacterials, anti- 
inflammatories or substances that promote healing, as known to one of ordinary skill in the 

30 art. Other classes of drugs or substances include, but are not limited to, antibiotics, 
chemotherapy agents, antifungals, analgesics, hormones, emollients, humectants, anti- 
oxidants, vitamins, rejection drugs, and conditioners. Some preferred drugs or substances 
include, but are not limited to, estrogen, androgen, cortisone, cyclosporin, peptide growth 
factors including YEGF (vascular endothial growth factor), NGFs (nerve growth factors), 

35 PDGF-AA, PDGF-BB, PDGF-AB, FGFb, FGFa, and BGF (bone growth factors). Topical 
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antibiotics include, but are not limited to, penicillin, gentimycin, tetracycline. Antimycotics 
may also be employed. 

The electroprocessed fibrin, electroprocessed fibrin matrix and/or electroprocessed 
fibrin and cells of the present invention may be applied to a desired site through any means, 
5 including but not limited to oral administration, anal administration, topical application, 
aerosol application, inhalation, intraperitoneal administration, administration into a body 
cavity, administration into the lumen or parenchyma of an organ, or spraying directly on a 
desired site. Spraying may include electrospraying on a desired site. Sites of application may 
be external, such as on the epidermis, or internal, for example a gastric ulcer, a surgical field 

10 or elsewhere. The electroprocessed fibrin of the present invention may be applied in the form 
of creams, gels, solutions, suspensions, liposomes, particles, or other means known to one of 
skill in the art of formulation and delivery of therapeutic and cosmetic substances. Ultrafine 
particle sizes of electroprocessed fibrin may be used for inhalation delivery of therapeutics. 

The present invention includes a method for testing the effectiveness molecules on 

15 cells contained in an electroprocessed fibrin matrix in vitro. Any cell may be placed in the 
fibrin matrix and any desired substance may be administered to the cell in the fibrin matrix. 
Any desired biological response may be evaluated. This method may alternatively include 
manufacturing electroengineered tissue by streaming an electrically charged solution 
comprising fibrin and cancer cells on to a grounded target substrate under conditions 

20 effective to deposit the fibrin and cancer cells onto the substrate. The present invention 
includes a method for testing the effectiveness of cancer therapy treatments in vitro. The 
method includes manufacturing electroengineered tissue comprising fibrin and cancer cells. 
A plurality of samples of the electroengineered tissue are subjected to a plurality of cancer 
therapy treatments. The method further includes evaluating the relative effectiveness of the 

25 cancer therapy treatments. Also, the cancer cells may be obtained from a patient who is in 
need of cancer therapy treatments. 

Accordingly, it is an object of the present invention to overcome the foregoing 
limitations and drawbacks by making and using electroprocessed fibrin. 

Yet another object of the present invention is to provide an electroprocessed fibrin 

30 matrix. By electroprocessing, a fibrin matrix can be formed for use in numerous fields 
including biomedical applications, among others. Electroprocessed fibrin forms a three- 
dimensional, space filling network, and can be aligned during formation by flow dynamics. 
Once formed, the fibrin matrix can be aligned by mechanical traction,, magnetic force or 
other means. 

35 Another object of the present invention is to provide methods for making 
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electroprocessed fibrin and an electroprocessed fibrin matrix. 

It is an object of the present invention to use fibrin or any solution capable of forming 
fibrin in the process of electroprocessing. 

It is another object of the present invention to use fibrinogen in combination with 
5 thrombin, and/or other agents capable of processing fibrinogen to fibrin, in the process of 
electroprocessing. Through the electroprocessing method of the present invention, a fibrin 
matrix can be formed for use in multiple fields including biomedical applications, among 
others. 

It is another object of the present invention to use the present methods to engineer 
10 tissues containing electroprocessed fibrin or an electroprocessed fibrin matrix. These tissues 
may include cells, drugs or other substances. 

Still another object of the present invention is to provide a new method of delivery of 
substances, such as drugs, using electroprocessed fibrin, electroprocessed fibrin matrix and 
engineered tissue containing electroprocessed fibrin matrix. 
15 Yet another object of the present invention is to provide engineered tissue containing 

electroprocessed fibrin matrix which can be used as a wound dressing, a nerve guide or as 
another implantable tissue. 

An advantage of the present invention is that autologous fibrin may be employed, 
thereby minimizing chances for immune rejection of the electroprocessed fibrin matrix or the 
20 engineered tissue containing electroprocessed fibrin matrix. 

These and other objects, features and advantages of the present invention will become 
apparent after a review of the following detailed description of the disclosed embodiments 
and the appended drawings. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic of an apparatus for applying strain to electroprocessed fibrin. 
Figure 2 is a schematic of an electrospinning apparatus. 

Figures 3 and 4 are schematic drawings of an electroprocessing device including the 
electroprocessing equipment and a rotating wall bioreactor. 
30 Figure 5 is a schematic drawing of an electroprocessing devise and electroprocessed 

material directed to a shaped target. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The terms "electroprocessing" and "electrodeposition" shall be used broadly to cover 
35 the methods of electrospinning, electrospraying (electroaerosoling), electrosputtering of fibrin 
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droplets, combinations of electrospinning and electroaerosoling, other combinations thereof, 
and any other method wherein fibrin, molecules capable of forming fibrin, fibrinogen, 
thrombin or combinations thereof, are streamed, sprayed, sputtered or dripped across an 
electric field and toward a target. Similarly, the solution may be streamed from one or more 
5 grounded reservoirs in the direction of a charged substrate or from charged reservoirs toward 
a grounded target. "Electrospinning" means a process in which fibrin fibers are formed from 
a solution or melt by streaming an electrically charged solution or melt through an orifice. 
"Electroaerosoling" means a process in which droplets are formed from a solution or melt by 
streaming an electrically charged polymer solution or melt through an orifice. The term 

10 "electroprocessing", therefore, is not limited to the specific examples set forth herein. 

For the purposes of the present invention, the term fibrin extracellular matrix refers to 
any three-dimensional structure onto which or in which cells can attach, multiply and grow. 
Other common terminology for fibrin extracellular matrices include scaffold, platform and a 
fascial sheath that could surround a muscle or nerve. 

15 Throughout this application, the term "solution" is used to describe the liquid in the 

reservoir of the electroprocessing method. In a preferred embodiment, fibrin in a solution is 
electrodeposited on a target. In the present invention, preferred solutions for formation of 
fibrin comprise a solution of thrombin and a solution of fibrinogen. Fibrinogen is converted 
to fibrin monomer by thrombin, which aggregates into fibrin due to electrostatic interactions. 

20 This fibrin is not covalently cross-linked. It is to be understood that any solutions capable of 
forming fibrin following electrospinning, electrospraying or any form of electrodepositing are 
included within the scope of the present invention. For example, fibrin, fibrin analogs, 
precursors or active fragments thereof, fibrinogen analogs, precursors or active fragments 
thereof, and thrombin analogs, precursors or active fragments thereof and other molecules 

25 that are capable of forming fibrin may be employed in the present invention. Plasma is a 
good source of fibrinogen for fibrin formation, and plasma may be electroprocessed for this 
application. In one embodiment, a patient's blood may be used to prepare fibrin matrix for 
autologous application. Several enzymes will clot fibrinogen, and any enzyme with this 
capability is considered within the scope of the present invention. These include but are not 

30 limited to, reptilase, batroxobin, and a variety of other snake venom enzymes. In addition, 
fibrinogen will form a "fibrin-like" matrix by adding large amounts of protamine sulfate. This 
process has been termed paracoagulation. 

In this application, the term "solution" also refers to suspensions containing the fibrin, 
molecules capable of forming fibrin, cells, substances such as drugs, other molecules or 

35 anything to be electrodeposited. "Solutions" may be in organic or biologically compatible 
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forms. This broad definition is appropriate in view of the large number of solvents or other 
liquids and carrier molecules, such as PEG, that may be used in the many variations of 
electroprocessing. Non cross-linked fibrin monomer may be electrodeposited or electrospun 
from solvents such as urea, monochloroacetic acid, or hexafluoroisopropanol (HFIP). 
5 The term "fibrin" is used throughout the present application in its broadest definition. 

It includes, but is not limited to, fragments, analogs, conservative amino acid substitutions, 
and substitutions with non-naturally occurring amino acids. There are multiple types of fibrin 
that are naturally-occurring as well as types that are being synthetically manufactured or 
produced by genetic engineering. Other types may be found or synthesized in the future, or 

10 specific subsets of various fibrin molecules may be isolated with unique effects and may be 
used to make products like those described herein. All of these types and subsets are 
encompassed in the use of the term "fibrin" herein. Also, as evidenced by some of the 
examples, the fibrinogen and/or the thrombin may be mixed with other polymers or other 
molecules during electroprocessing to obtain specifically desirable properties for given end 

1 5 use of the fibrin or fibrin matrix. 

Electroprocessing Methods of Forming Fibrin 

Fibrin, or any molecule capable of forming fibrin, can be used in the present invention 
to form electroprocessed fibrin. Fibrinogen and thrombin are two preferred molecules for 

20 making fibrin. Fibrinogen can be electroprocessed in conjunction with or separately from 
thrombin to form electroprocessed fibrin or an electroprocessed fibrin matrix. This is 
conducted under conditions that do not allow thrombin to promote the processing of 
fibrinogen to fibrin. This may be accomplished several ways. For example, the fibrinogen 
and thrombin can be electroprocessed from a solvent that does not allow thrombin to 

25 function. Alternatively, the fibrinogen or thrombin can be packaged in a carrier material. In 
this application the fibrinogen can be electroprocessed onto the target from one solution 
source (by itself or with a carrier). The thrombin can be deposited in an electroaerosol 
manner from a separate source. The thrombin can be encapsulated and sprayed as a fine mist 
of particles. Alternatively, thrombin and fibrinogen can be mixed with a carrier, such as PEG 

30 or collagen. 

Fibrin as a preformed gel can be electroprocessed. A fibrin gel may be subjected to 
pressure, for example using a syringe with a pressure head behind it to extrude the fibrin gel 
into the electrical field. 

The carrier acts to hold the reactants in place until they are initiated. The entire 
35 product is preferably stored under dry conditions. When the material is placed in a moist 
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environment, for example a cut, ulcer, or weeping wound, the thrombin is released, processes 
fibrinogen to fibrin and clot formation occurs. As stated above, it is to be understood that 
carriers may be used in conjunction with the molecules capable of forming fibrin. For 
example, fibrinogen can be mixed with PEG, collagen or other known carriers that form 
5 filaments. This produces hairy filaments with the hair being fibrin. The fibrin in this type of 
use cross links the surrounding matrix carrier into a gel. This approach may be used for 
gelling molecules that do not normally gel. For example, if type IV collagen, or some other 
collagen, would not form filaments, the fibrinogen, collagen and PEG could be 
electrosprayed to form an electroprocessed fibrin-containing matrix. Once fibrin formation 

10 begins, a fibrin/collagen gel would be produced. 

Alternatively, the fibrinogen/fibrin can be sputtered with another molecule that forms 
a sheet (for example, PGA PLA PGA:PLA, collagen, fibronectin). This sheet could be placed 
over a wound. If the wound opens the fibrinogen is converted to fibrin and a clot forms. If 
thrombin is present in the sheet, a clot may be obtained with the addition of water and the 

15 release of the thrombin. Such sheets have applications in surgery and wound care, among 
other uses. It is to be understood that other fibrin forming molecules besides fibrinogen and 
thrombin may be employed. 

In addition to the multiple equipment variations and modifications that can be made to 
obtain desired results, similarly the solution can be varied to obtain different results. For 

20 instance, the solvent or liquid in which the fibrinogen or thrombin is dissolved or suspended 
may be varied. 

The fibrinogen or thrombin can be mixed with other molecules, monomers or 
polymers to obtained desired results. For instance, polymers can be added to modify the 
viscosity of the solution. In still a further variation, when multiple reservoirs are used, the 

25 ingredients in those reservoirs may be electrosprayed separately or joined at the nozzle so that 
the ingredients in the various reservoirs may react with each other simultaneously with the 
streaming of the solution into the electric field. Also, when multiple reservoirs are used, the 
different ingredients in different reservoirs may be phased in temporally during the 
processing period. The fibrinogen may be directly altered, for example, by altering the 

30 carbohydrate profile of the molecule. Also, other materials may be attached to the fibrin 
before, during or after electroprocessing of the fibrinogen and or thrombin. Further, the 
temperature and other physical properties of the process can be modified to obtain different 
results. 

Finally, there are many types of post-process treatments that may be used to modify 
35 and adjust the fibrin matrix resulting from the electroprocessing procedure. For instance, the 
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fibrin matrix may be treated with a cross-linking agent, including chemical and UV-light 
based cross-linking agents. Also, the fibrin matrix may be treated with variations in 
temperature. Still further chemical variations may be envisioned by those desiring specific 
end properties of a matrix. Fibrin is formed in different ways, for example by mixing 
5 together fibrinogen and thrombin in appropriate concentrations. Building an extracellular 
matrix comprised of fibrin, therefore, involves different ways of bringing the molecules 
capable of forming fibrin, such as fibrinogen and thrombin, together through 
electroprocessing methods. This fibrin may also be manipulated after it is formed with the 
electroprocessing methods. 

10 In the most fundamental sense, the electroprocessing apparatus for electroprocessing 

fibrin includes a streaming mechanism and a target substrate. The streaming mechanism 
includes a reservoir or reservoirs to hold the one or more solutions that are to be streamed in 
the process. The reservoir or reservoirs have at least one orifice or nozzle to allow the 
streaming of the solution from the reservoirs. There may be a single nozzle or multiple 

15 nozzles in a given electroprocessing apparatus. If there are multiple nozzles, they may be 
attached to one or more reservoirs containing the same or different solutions. Similarly, there 
may be a single nozzle that is connected to multiple reservoirs containing the same or 
different solutions. Also, the size of the nozzle may be varied to provide for increased or 
decreased flow of the solution out of the reservoir through the nozzle. A pump used in 

20 connection with the reservoir may be used to control the flow of solution streaming from the 
reservoir through the nozzle or nozzles. The pump may be programmed to increase or 
decrease the flow at different points during electroprocessing. 

The target substrate may also be used as a variable feature in the electroprocessing of 
molecules used to make electroprocessed fibrin. Specifically, the target may be the actual 

25 substrate for the molecules used to make electroprocessed fibrin, or electroprocessed fibrin 
itself is deposited. Alternatively, a substrate may be disposed between the target and the 
nozzle. For instance, a petri dish can be disposed between a nozzle and a target, and a matrix 
can be formed in the dish to study cell growth in three dimensions by forming a scaffold in 
the bottom of the dish. Other variations include non-stick surfaces between the nozzle and 

30 target. The target may also be specifically charged (grounded) along a preselected pattern so 
that the solution streamed from the orifice is directed into specific directions. The electric 
field may be controlled by a program to create an electroprocessed fibrin matrix having a 
desired geometry. The target and the nozzle or nozzles may be engineered to be movable 
with respect to each other thereby allowing additional control over the geometry of the fibrin 

35 matrix to be formed. The entire process may be controlled by a microprocessor that is 



WO 02/18441 



PCT/US01/27409 



13 

programmed with the specific parameters to obtain a specific, preselected and 
electroprocessed matrix of fibrin and, if desired, other molecules, monomers or polymers. 

Also, as noted in the specific examples that follow, the nozzle or orifice that allows 
streaming of solution from the reservoir is shown to be charged and the target is shown to be 
5 grounded. Those of skill in the electroprocessing arts will recognize that the nozzle and 
solution may be grounded and the target may be electrically charged. In any event, it is the 
creation of the electrical field and the effect of the electrical field on the streamed fibrin, or 
the streamed thrombin and fibrinogen that help create the fibrin. 

An extracellular matrix of electrospun fibrin fibers, in accordance with the present 

10 invention, can be produced as described below. While any molecules capable of forming 
fibrin may be used, it is preferable to electrospin fibrinogen or thrombin to make fibrin fibers. 
Various effective conditions can be used to electrospin a fibrin fiber matrix. While the 
following is a description of a preferred method, other protocols can be followed to achieve 
the same result. Referring to Figures 3 and 4, in electrospinning fibrin fibers, micropipettes 

15 10 are filled with a solution of fibrinogen or thrombin and suspended above a grounded target 
11, for instance, a metal ground screen placed inside the central cylinder of the RCCS 
bioreactor. A fine wire 12 is placed in the solution to charge the solution in each pipette tip 
13 to a high voltage. At a specific voltage determined for each solution and apparatus 
arrangement, the solution suspended in each pipette tip is directed towards the grounded 

20 target. This stream 14 of fibrinogen and thrombin forms a continuous filament that, upon 
reaching the grounded target, collects and dries to form a three-dimensional, ultra thin, 
interconnected matrix of fibrin fibers. 

Minimal electrical current is involved in this process, and, therefore, the streaming 
process does not denature the fibrinogen and thrombin, because there is no expected 

25 temperature increase in the fibrinogen and thrombin solutions during the procedure. 

Like the electrospinning process, an electroaerosoling process can be used to produce 
a dense, matte-like matrix of fibrin droplets. The electroaerosoling process is a modification 
of the electrospinning process in that the electroaerosol process utilizes a lower concentration 
of the fibrinogen and thrombin during the procedure. Instead of producing a polymeric splay 

30 (fibers) at the charge tip of the splay nozzle, small droplets of fibrinogen and/or thrombin are 
formed. These droplets then travel from the charged tip to the grounded substrate to form a 
sponge like matrix composed of fused polymeric droplets, generally in the order of less than 
10 microns in diameter. 

As with the electrospinning process described earlier, the electroaerosol process can 

35 be carried out using various effective conditions. The same apparatus that is used in the 
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electrospinning process, for instance as shown in Figures 3 and 4, is utilized in the 
electroaerosol process. The differences from electrospinning include the concentration of the 
fibrinogen or thrombin placed in solution in the micropipette reservoir and/or the voltage 
used to create the stream of droplets. 
5 One of ordinary skill in the art recognizes that changes in the concentration of 

fibrinogen or thrombin solutions requires modification of the specific voltages to obtain the 
formation and streaming of droplets from the tip of a pipette. 

Various molecules can be used alone, or in combination, to produce the electrospun 
and/or electroaerosol fibrin matrices. Any suitable molecules that will form fibrin may be 

10 used. In preferred embodiments, fibrinogen and thrombin are employed to form the 
extracellular fibrin matrix. Fibrin, fibrinogen and thrombin are available from commercial 
sources, or they can be prepared according to methods known in the art. 

Numerous molecules, cells or other materials, such as polymers, can be supplemented 
into the electrospinning or electroaerosoling solution. In one embodiment, naked DNA or 

15 vectors containing desired coding information for a specific produces) can be mixed into the 
fibrinogen or thrombin solutions for incorporation into the tissue-engineered scaffold. Upon 
consumption/reorganization of the scaffolding by the seeded cells, they may incorporate the 
vector into their DNA and produce a desired effect. The DNA can be in any form which is 
effective to enhance its uptake into cells. For example, it can be naked (e.g., U.S. Patent Nos. 

20 5,580,859; 5,910,488) or complexed or encapsulated (e.g., U.S. Patent Nos. 5,908,777; 
5,787,567). Similar to adding DNA, antibiotics, chemotherapy agents, antifungals, 
analgesics, hormones, emollients, humectants, antimycotics, anti-oxidants, vitamins, 
conditioners, rejection drugs, other drugs, peptide growth factors including VEGF (vascular 
endothial growth factor), NGFs (nerve growth factors), PDGF-AA, PDGF-BB, PDGF-AB, 

25 FGFb, FGFa, and BGF (bone growth factors), monokines, immunosuppressants, angiogenic 
factors or other factors as discussed elsewhere herein, may be added into the electrospun or 
electroaerosol matrix to aid in tissue regeneration or to achieve other desired biological 
results. 

The electrospinning or electroaerosoling process can be manipulated to' meet the 
30 specific requirements for any given application of the electroprocessed fibrin made with these 
methods. In one embodiment, the micropipettes can be mounted on a frame that moves in the 
x, y and z planes with respect to the grounded substrate. The micropipettes may be mounted 
around a grounded substrate, for instance a tubular mandrel. In this way, the fibrinogen or 
thrombin streamed from the micropipette can be specifically aimed or patterned. Although 
35 the micropipettes can be moved manually, preferably, the frame onto which the micropipettes 
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are mounted is controlled by a microprocessor and a motor that allows the pattern of 
streaming collagen to be predetermined by a person making a specific matrix. Such 
microprocessors and motors are known to one of ordinary skill in the art. For instance, 
fibrins fibers or droplets can be oriented in a specific direction, they can be layered, or they 
5 can be programmed to be completely random and not oriented. 

In the electrospinning process, the fibrinogen and thrombin stream or streams can 
branch out to form fibrin fibers. The degree of branching can be varied by many factors 
including, but not limited to, voltage, ground geometry, distance from micropipette tip to the 
substrate, diameter of micropipette tip, fibrinogen concentration, and thrombin concentration. 

10 Fibrinogen, thrombin, fibrin and various combinations can also be delivered to the electric 
field of the system by injecting the materials into the field from a device that will cause them 
to aerosol. This process may be varied by many factors including, but not limited to, voltage 
(for example ranging from about 0 to 30,000 volts), distance from micropipette tip to the 
substrate (for example from 0-40 cm), and the diameter of micropipette tip (approximately 0- 

15 2 mm). Several of these variables are well-known to those of skill in the art of 
electrospinning microfiber textile fabrics. 

The geometry of the grounded target can be modified to produce a desired matrix. In 
a preferred embodiment, a rotating wall bioreactor is used. The grounded target is a cylinder 
that fits inside the inner cylinder in the electrospinning or electroaerosoling process. By 

20 varying the ground geometry, for instance having a planar or linear or multiple points ground, 
the direction of the streaming fibrin can be varied and customized to a particular application. 
For instance, a grounded target comprising a series of parallel lines can be used to orient 
electrospun fibrin in a specific direction. The grounded target may be a cylindrical mandrel 
whereby a tubular matrix is formed. Most preferably, the ground is a variable surface that 

25 can be controlled by a microprocessor that dictates a specific ground geometry that is 
programmed into it. Alternatively, for instance, the ground may be mounted on a frame that 
moves in the x, y, and z planes with respect to a stationary micropipette tip streaming 
collagen. The grounded target 1 1 in Figure 4 is shown as being able to oscillate along its 
longitudinal axis. 

30 The substrate onto which the fibrin is streamed, sprayed or sputtered can be the 

grounded target itself or it can be placed between the micropipette tip and the grounded 
target. The substrate can be specifically shaped, for instance in the shape of a nerve guide, 
skin patch, fascial sheath, or a vascular graft for subsequent use in vivo. The fibrin matrix 
can be shaped to fit a defect or site to be filled. For example a site where a tumor has been 

35 removed, or an injury site in the skin (a cut, a biopsy site, a hole or other defect) or to 
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reconstruct or replace a missing or shattered piece of bone. Electroprocessing allows great 
flexibility and makes it possible to customize the construct to virtually any shape needed. 
Fibrin is so flexible that it can be formed to virtually any shape. 

Other variations of electroprocessing, particularly electrospinning and 
5 electroaerosoling include, but are not limited to the following: 

1. Using different solutions (e.g., fibrinogen and thrombin) to produce two or 
more different fibers or droplets simultaneously (matrix fiber or droplet array). In this case, 
the single component solutions can be maintained in separate reservoirs. 

2. Using mixed solutions (for example, fibrin, fibrin and cells, fibrinogen and 
10 cells, thrombin and cells, fibrinogen and growth factors, fibrinogen or thrombin and drugs) in 

the same reservoir(s) to produce fibers or droplets composed of multiple substances (fiber 
composition "blends"). Nonbiological but biologically compatible material can be mixed 
with a biological molecule such as fibrin, fibrinogen or thrombin, for example PVA, 
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), PEO, etc. Other biological materials can 
15 be added, for example collagen or blends of collagen. 

3. Utilizing multiple potentials applied for the different solutions or even the 
same solutions. 

4. Providing two or more different geometric grounded targets (i.e. small and 
large mesh screens). 

20 5. Placing the mold or mandrel or other ungrounded target in front of the 

grounded target. 

6. Applying agents such as Teflon onto the target to facilitate the removal of 
electroprocessed materials from the target (i.e. make the material more slippery so that the 
electroprocessed materials do not stick to the target). 

25 All these variations can be done separately or in combination to produce a wide 

variety of electrospun and electroaerosol electroprocessed fibrin extracellular matrices. 

Additionally, a matrix can be formed that includes both electrospun fibrin and 
electroaerosol fibrin. In other words, a combination of fibers and droplets may be beneficial 
for some applications depending on the particular structure to be mimicked. This 

30 combination of fibers and droplets can be obtained by using the same micropipette and 
solution in varying the electrical charge; varying the distance from the grounded substrate; 
varying the polymer concentration in the reservoir; using multiple micropipettes, some from 
streaming fibers and others for streaming droplets; or any other variations to the method that 
could be envisioned by those of skill in this art. The fibers and droplets could be layered or 

35 mixed together in same layers. The construct can be fabricated in laminate layers so that 
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each alternate layer is designed to undergo degradation, breakdown, hydrolysis after different 
rates. For example, the inner layer of a construct might be fabricated from electrospun 
fibrinogen/fibrin. This layer is then coated with collagen, then a layer of PLA, a layer of 
PGA or any other desired layer. 
5 The stability, rigidity, and other attributes of the electrospun or electroaerosol matrix 

can be regulated by the degree to which it is chemically modified. The electrospun or 
electroaerosol matrix may be used in its unmodified state, or it may be modified in 
accordance with the requirements of a specific application. Modifications to the matrix can 
be made during the electrospinning or electroaerosoling process or after it is deposited. 

10 Cross-linking agents such as carbodiimide EDC (l-ethyl-3(3 dimethyl aminopropyl)), 
carbodiimide hydrochloride, NHS (n-hydroxysuccinimide), or UV light can be used, e.g., 
aldehydes (e.g. glutaraldehyde) photosensitive materials that cross link upon exposure to 
specific wavelengths of light, osmium tetroxide and other cross-linking fixatives. 

One embodiment for appropriate conditions for electrospinning fibrin is presented 

15 below. For electrospinning fibrin by combining fibrinogen and thrombin, the appropriate 
approximate ranges are: voltage 0-30,000 volts; pH 7.0 to 7.4; calcium 3 to 10 mM; 
temperature 20 to 40°C; ionic strength 0.12 to 0.20 M; thrombin 0.1 to 1.0 units per ml; and 
fibrinogen 5 to 25 mg/ml. For electrospinning fibrin monomer, the pH would start at 5 and 
increase to 7.4 while the ionic strength would start above 0.3 M and decrease to 0.1 M. The 

20 other conditions are similar as stated within this paragraph. Fibrin matrices of varying 
properties can be engineered by shifting the pH, changing the ionic strength, altering the 
calcium concentration or adding additional polymeric substrates or cationic materials. 

Forming an Electroprocessed Fibrin Matrix 

25 Electroprocessed fibrin can be electrodeposited inside a specifically shaped mold 

(Figure 5). For instance, a particular type of organ or tissue that is desired to be replaced has 
a specific shape, such as a skin patch to fit a biopsy site or a large scalp area following a wide 
area removed after discovering a malignant melanoma. That shape is then reproduced and 
created inside a mold designed to mimic that shape. This mold could be filled by 

30 electrodepositing the fibrin into the mold. In this way, the fibrin matrix exactly mimics the 
mold shape. Creating an extracellular fibrin matrix that has a specific shape can be very 
important in creating a new organ. The shape of the matrix can induce cells seeded into the 
fibrin matrix to differentiate in a specific manner. Growth factors or other substances may be 
incorporated as discussed elsewhere herein. This can result in a more effective, more natural- 

35 like organ or tissue being created. Hollow and solid organs can be made. Mixing cells with 



WO 02/18441 



PCT/US01/27409 



18 ' 



the material during electrospraying forms cells within the matrix so that they do not have to 
migrate into the gel. 

An extracellular matrix of fibrin may also be created through electroprocessing 
techniques such as electrospinning and electroaerosoling. For this purposes of this 
5 discussion, electrospinning and electroaerosoling are terms that are used interchangeably. In 
order to electrospin fibrin, at least two different reservoirs are connected together at an 
orifice. One of the reservoirs contains fibrinogen, another contains thrombin. The solutions 
containing these components are mixed together immediately before they are streamed from 
an orifice in the electrospinning process. In this way, fibrin forms literally as the microfibers 
10 or microdroplets are formed in the electrospinning process. 

Fibrinogen may also be electrosprayed into a moist atmosphere of thrombin to form 
filaments within the electric field. Fibrinogen may also be electrosprayed onto a target that 
has thrombin. Alternatively thrombin may also be electrosprayed onto a target that has 
fibrinogen. 

15 An extracellular matrix incorporating fibrin can made by combining fibrin with one or 

more other materials and components to create a matrix. For instance, an extracellular matrix 
that has both collagen and or fibronectin and or other matrix materials and fibrin incorporated 
into it could be created. This could be useful depending on the specific type of tissue or 
organ being synthesized. In additional to mixing fibrin with other matrix ingredients, fibrin 

20 can be used in connection with other matrix building processes. In other words, an extruded 
tube could have an outside layer electrospun onto it wherein the different layers complement 
each other and provide an appropriate matrix to promote a specific type of cell growth. An 
example includes a vascular graft comprised primarily of a collagen tube. Outside the tube, 
an electrospun layer of both fibrin and cells could be added to promote the acceptability of 

25 the graft in a particular recipient. A second example is an in vitro skin preparation formed by 
growing fibroblasts in one layer, covering the first layer with electroprocessed collagen, and 
then growing a second layer composed of epidermal cells in the fibrin matrix. This 
"sandwiching" technique could be used to make a variety of tissues. 

The various properties of the extracellular matrix can be adjusted in accordance with 

30 the needs and specifications of the cells to be suspended and grown within it. The porosity, 
for instance, can be varied in accordance with the method of making the extracellular matrix. 
Electrospinning a particular matrix, for instance, can be varied by fiber (droplet) size and 
density. If the cells to be grown in the matrix require a great deal of nutrient flow and waste 
expulsion, then a loose matrix could be created. On the other hand, if the tissue to be made 

35 requires a very dense environment, then a dense matrix could be designed. Porosity may be 
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manipulated by mixing salts or other extractable agents. Removing the salt will leave holes 
of defined sizes in the matrix. 

Uses for Electroprocessed Fibrin 
5 There are many different applications for fibrin produced through electroprocessing 

methods. This versatility is enabled by the variability of the process itself. Generally 
speaking, there is variability with the equipment and solutions used, and various post-process 
treatments. One post treatment is the addition of antifibrinolytic agents to delay network 
dissolution and provide a more durable material. Another post-process treatment is traction 

10 alignment to apply force to the electroprocessed fibrin in order to shape or align it. This 
could be useful for the production of nerve guides and other objects. Fibrin or fibrinogen 
may be cross-linked with cross-linking agents known to one or ordinary skill in the art of 
cross-linking proteins, for example, with carbodiimides, aldehydes, or ultraviolet energy (if 
photo-sensitive agents are employed). 

1 5 The use of electroprocessed fibrin as an extracellular matrix has many advantages. As 

a clotting agent, fibrin is associated with healing in the body. It is a porous medium that 
allows nutrients and waste to flow to and from cells suspended within a fibrin structure. The 
presence of fibrin also promotes the growth of vasculature in adjacent regions, and in many 
other ways is a natural healing promoter. 

20 Fibrin is a readily available material. It is present in plasma. To the extent that the 

extracellular matrix is being used to fabricate a tissue or organ to be transplanted into a 
recipient, the recipient's own plasma can be used as a source of fibrin (fibrinogen) to create 
the matrix. In this way, the matrix is made from a recipient's own fibrin, thereby overcoming 
potential complications with respect to viral exposure from materials obtained from other 

25 human donors. Use of fibrin collected from other sources can be made significantly safer by 
multiple purification steps, and by processes such as pasteurization or other processes to 
remove viral particles and other infectious agents. 

Fibrin is an excellent extracellular matrix because it is eventually absorbed by the 
body of the recipient. In other words, during and after fibrin serves its healing/rebuilding 

30 purpose, the body will naturally degrade it. This is part of the natural healing mechanism. 
There would be no lingering foreign matter, only the cells constituting the replacement cells, 
tissues or organs. Electroprocessed fibrin may be mixed with other fibrillar materials to 
obtain different rates of degradation. Native fibrin degrades rapidly, collagen more slowly, 
PGA and PLA more slowly yet. Cross-linking the fibrin and other materials to various 

35 degrees will stabilize the materials to different extents. Electroprocessed fibrin may be 
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slightly cross-linked for small increase in half life, or highly cross-linked to provide extended 
duration of use. 

There are numerous applications for fibrin produced through electroprocessing 
methods. The different fields of use of this process and the product thereof include 
5 biomedical applications. Non-limiting examples of potential applications in these fields of 
use will be discussed herein. 

Biomedical Applications 

There are at least two major biomedical applications for fibrin produced through 
10 electroprocessing techniques. In general terms, electroprocessed fibrin matrix may be used in 
the formation of an extracellular matrix and in delivery of substances, including drugs. 

Electroprocessed fibrin may be used in several biomedical areas, including but not 
limited to the following: topical wound care; temporary skin patch; skin grafts; dural patches; 
bed sores; ulcers, including diabetic ulcers; cuts; abrasions; fascial replacements; surgical 
15 applications for example, application such as electrospray onto a open site or surgical field; 
hemostatic agent to stop bleeding (sheets, paste, powders, films, and other forms); biological 
suture material; matrix for micro-organ production; nerve guide for nerve repair as a nerve 
replacement when combined with neurogenic stem cells; as a scaffold for introducing or 
reintroducing cells into the body. Electroprocessed fibrin may be made in a dry form ready 
20 to react upon contact with water, or timed to react after contact with water after some interval 
(determined by the carrier molecules used to process the fibrinogen). Hemophiliacs would 
especially benefit from the hemostatic properties of the electroprocessed fibrin of the present 
invention. 

Biomedical applications of cross-linked electroprocessed fibrin include the following: 
25 vascular valves; vascular grafts; tendon/muscle repair; tendon or ligament; vascular scaffold 
or support; wound care; cartilage; hernia patch; nerve repair; bone; suture material; and as a 
bioengineering platform. 

Bioengineering Using Electroprocessed Fibrin Matrix 
30 An additional application of the invention is as a platform for the fabrication of tissue 

using an electroprocessed fibrin matrix as a solid support. The fabrication platform is 
composed of an electroprocessed matrix of fibrin, or fibrin combined with other molecules, 
microfibers or blends of materials. The overall three-dimensional geometric shape of the 
platform is determined by the ultimate design and type of tissue to be bioengineered. 
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Several permutations of the design are possible. For example, to fabricate a solid 
three-dimensional "plug" of fibrin-containing tissue, a fabrication platform is 
electrodeposited on a mandrel or into a mold, perhaps through electrospraying. The mandrel 
may be cylindrical in shape, a flattened oval shape, a rectangular envelope shape (like a 
5 mailing envelope), or any other desired shape. The fibrin-containing bioengineering platform 
is electrodeposited on a mandrel with the desired shape and allowed to cure. The 
electrodeposited matrix is removed from the mandrel. For a cylindrical-shaped 
bioengineering platform or any other shape of construct in which an enclosed area is desired, 
a suture, glue, staple or heat seal or some other method may be used to seal one end of the 

1 0 bioengineering platform. This results in a hollow platform that is closed on one end and open 
on the other. The electrodeposited fibrin-containing platform can now be filled with cells or 
other materials, or cells or other materials may be placed on the outer surface of the construct. 
For example, a mixture of fibrin from the electroprocessing procedure, or other materials 
such as cells, or molecules such as drugs or growth factors may be placed within the 

15 platform. The free and open end of the envelope that was used to fill the construct with 
material can be sutured, glued or heat sealed shut to produce an enclosed bioengineering 
platform. The entire construct is then placed into a bioreactor for cell culture or directly 
placed in situ for further development. With modifications, a bioengineering fibrin- 
containing platform composed of a solid, rather than a hollow, format can be 

2 0 electroproces sed. 

Endothelial cells may be added to the core or outside surface of the fibrin-containing 
bioengineering platform during seeding to pre-form a capillary network. 

Cells may be added during the electroprocessing process to trap or surround cells 
within the fibrin matrix as it forms. This may be accomplished by adding cells from a 

25 separate nozzle(s) or other sources if the materials to be electroprocessed, for example 
fibrinogen and thrombin, must be placed in an organic solvent or solvents (for example a 
solvent with high or low pH or a solvent with high or low salt content). Cells may also be 
added by other means, for example cells may be dribbled into an electrospinning stream and 
trapped by the forming fibers. 

30 Cell polarity can be regulated by controlling the orientation of the fibrin fibers on the 

mandrel during or after electroprocessing. For aligned fibers, this can be accomplished by 
electrodepositing, perhaps using electrospinning, onto a target mandrel that is spinning. The 
fibrin fibers will be wrapped around the mandrel in the direction of rotation. Electrospinning 
onto a static, non-spinning mandrel will produce a more random fibrillar matrix. Fibrin can 

35 be mechanically aligned after spinning by stretching or some other form of mechanical 
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distension. Orientation of the electroprocessed fibrin matrix may be beneficial in facilitating 
cell proliferation. 

Polarity may also be controlled by first electroprocessing an aligned matrix onto a 
spinning mandrel. The matrix is then cut from the mandrel, rotated 90 degrees (or any other 
5 degree of rotation) and placed back onto a mandrel. A second layer of material is then 
electrospun onto the first layer. This method will produce an inner layer of fibrin fibers that 
are aligned along the long axis of rotation. Alternatively, fibrin layers created with this 
method may be surrounded by layers of other materials. These materials may include 
biocompatible materials such as PGA, PLA, PGA:PLA co-polymers. 

10 Cell polarity can be regulated by placing the bioengineering platform within a 

stretching device installed in the bioreactor. By gradually applying strain across the construct 
over time the cells within the platform will spread in parallel with the applied force. 

Cells may also be electrodeposited with the electroprocessed fibrin, either from the 
same reservoir or from different reservoirs. The electroprocessed fibrin bioengineering 

1 5 platform may be used as a differentiation platform for the manipulation of cells such as stem 
cells. The porosity and chemical composition of the electroprocessed fibrin matrix can be 
controlled prior, during, and after fabrication. This permits creation of a desired 
microenvironment that is believed to be critical for controlling the differentiation process in 
stem cells. 

20 Conductive materials may be electrodeposited into or onto the electroprocessed fibrin 

matrix. In this way the fibrin-containing construct can be electrically stimulated to promote 
neural ingrowth, stem cell differentiation, or contraction of engineered muscle, or to promote 
the formation of bone in orthopedic applications where fibrin is used as a carrier to 
reconstruct bone. Incorporating conductive materials into an fibrin matrix produced through 

25 electroprocessing also could be used as means to further alter the properties of a fibrin matrix 
following fabrication. For example, applying an electrical field across an existing fibrin 
matrix might be used to alter the shape, porosity or density of the matrix. The stability of the 
fibrin matrix (resistance to breakdown) might be altered by applying an electric field across 
the fibrin. Magnetic materials can be placed in the matrix to allow the matrix to be moved. 

30 For example, a magnetic field can be used to position a matrix by relatively non-invasive 
means, to direct the movement of the matrix within the peritoneum. Such materials include 
but are not limited to carbon black or graphite, carbon nanotubes, ferrofluids, and various 
dispersions of electrically conducting polymers. Also, conducting polymer fibers can be 
produced by electrospinning during fibrin electroprocessing. In addition, conducting 

35 polymers can be prepared in-situ in the fibrin by, for example, incorporation of a monomer 
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(e.g., pyrrole) followed treatment with polymerization initiator and oxidant (e.g., FeCk). 
Finally, conducting polymers can be grown in fibrin after electroprocessing by using a fibrin- 
coated conductor as the anode for electrochemical synthesis of, for example, polypyrrole or 
polyaniline. Fibrinogen can be added to an aqueous solution of pyrrole or aniline to create a 
5 conducting polymer at the anode with entrapped fibrinogen which can then be treated with 
thrombin. 

The fibrin-containing engineered tissue can be vascularized through different means. 
Angiogenic factors mat be seeded into the electroprocessed fibrin. Electroprocessed fibrin- 
containing engineered tissue may be vascularized by placing it within the omentum. 

10 The fibrin-containing engineered tissue can be placed in a bioreactor to engineer an organ 

or alter the gene profile of cells. For example, cells may be obtained from a patient, the 
patient's fibrin could be electroprocessed from the patient's plasma, and this electroprocessed 
fibrin matrix can be used to support cells isolated from the patient. These cells could be 
transfected, cultured, characterized and implanted into the patient. Using this approach, only 

15 the patient's own materials are used, thereby minimizing chances of rejection. Transfections 
may be expressed in a temporary or permanent manner depending on the desired application. 

In the present invention, cells are initially cultured by routine techniques. Once an 
appropriate cell density has been achieved, the cells are suspended in a solution of fibrin prior 
to electroprocessing . Alternatively, cells are suspended in fibrinogen or thrombin solutions 

20 prior to electroprocessing the suspension. If cells are suspended in fibrinogen, this 
suspension may be electroprocessed, for example sprayed or spun, and a thrombin solution 
may separately be sprayed into the fibrinogen spray or sprayed on the target covered by the 
cells suspended in fibrinogen. Fibrin, therefore, is formed in the mixed sprays or on the 
target. This three-dimensional fibrin structure with the cells implanted in it is then returned 

25 to a cell culture apparatus for continued growth. As is demonstrated in the following 
examples, the cells attach to the fibrin network and rapidly concentrate themselves. 
Depending on the type of cells suspended in the matrix, the cells can be promoted to grow in 
the same biological appearance as the normal tissue or organ corresponding to the cell type. 

This electroprocessed fibrin-containing tissue provides several advantages. It 

30 provides a solid support that can be used to grow tissue at very high density. This can be 
achieved by simply collapsing a fibrin matrix either mechanically or chemically. This has 
advantages if the "growth" phase and "use/service" phase of the cells in question require 
different cell densities. For instance, growing cells can be made more efficient when more 
dilute, in term of nutrient and gas transport. When the growth phase is done, the cells can be 

35 concentrated by collapsing the matrix thus providing with a concentrated cell "plug" ready 
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for implant or other testing. This electroprocessed fibrin-containing matrix controls and 
establishes a local microenvironment with the construct. By controlling material properties 
of the matrix, one can control the buoyant nature of the construct, the porosity and the 
stability of the matrix (i.e. it can be designed to be very stable or to degrade over a relatively 
5 short period of time). It provides a platform for cell culture or tissue bioengineering that is 
unique and amenable for use in a bioreactor environment. It also provides a platform for cell 
culture and bioengineering of many different types of tissues that are large and can be 
manipulated manually. Also, the electroprocessed fibrin-containing matrix provides a solid 
phase delivery device for peptide growth factors, drugs and gene sequences, partial gene 

10 sequences in the sense and anti-sense directions. 

The present invention describes a technique that allows three-dimensional cell growth 
and tissue/organ synthesis. By mimicking the pathologic process of metastasis, cells are 
placed in an electroprocessed three-dimensional fibrin matrix to support growth and normal 
cell to cell interactions. Cells may grow at a rapid rate in these fibrin structures, and may 

15 assume the shapes seen in normal tissue and organs. 

Cell Encapsulation in the Electroprocessed Fibrin Matrix 

In many of the electroprocessing applications used in testing, organic solvents must 
be used to carry molecules capable of forming fibrin for the fabrication of an 

20 electroprocessed fibrin matrix for bioengineering. However, there are many applications in 
which it would be desirable to incorporate cells within the fibrin matrix during the fibrin 
electroprocessing process. For example, during the fabrication of bioengineered cartilage or 
bone, it would be desirable to entrap the resident cells of these tissues within the 
electroprocessed fibrin matrix as it is fabricated. This is not possible with many of the 

25 solvents that are most effective for producing the matrix for bioengineering. By suspending 
cells in a fibrinogen solution or within a fibrin matrix (for example a partially or fully 
polymerized matrix of fibrin) they may be delivered to an electroprocessed fibrin matrix 
during the fabrication of the fibrin. 

The matrix can also be treated or seeded with various factors and proteins to control 

30 the degradation/absorption of the matrix into a recipient environment For instance, if the 
cells seeded within the matrix are slow-growing, then it is beneficial to maintain the matrix 
integrity for enough time to allow the cells to regenerate and grow. On the other hand, if the 
cells are able to quickly reproduce and grow, then a short lived matrix could be desirable. 
Varying the concentration of aprotinin additives, aminocaproic acid, or similar fibrinolytic 

35 inhibitors or varying the degree of chemical or ultraviolet cross-linking in the matrix could be 
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used to precisely control this variable. The matrix could also be seeded with varying growth 
factors, including but not limited to, angiogenesis factors, to promote a growth of blood 
vessels upon implantation, nerve growth factors to promote nerve growth, bone growth 
factors to promote bone formation, and PDGF isomers to promote cell division. The fibrin- 
5 containing matrix may be seeded with factors to promote healing, to minimize 
immunorejection. The fibrin-containing matrix may be seeded with agents that can induce 
inflammation and subsequent healing or promote the formation of a fibrotic capsule (PGA). 
Other agents that may be added include but are not limited to the following: suppressors of 
inflammation like cortisone; other anti-inflammatory drugs; hormones; cyclosporin and other 

10 anti-rejection agents; and full and partial length gene sequences both in the sense and anti- 
sense directions. For example, VEGF in the sense direction in a matrix that is used as a 
topical application to a wound. The gene sequence is delivered to cells in the immediate 
vicinity of the injury, transfects those cells transiently or permanently. Antisense sequences 
directed against proteases may be employed. In this application the antisense sequences may 

15 be full length or partial length, or mixtures of several. When delivered, these antisense 
sequences suppress the expression of the target molecule in a transient fashion. 

Cells may be placed within the electroprocessed fibrin matrix as it is undergoing 
fabrication. Cells may be co-deposited with electroprocessed fibrin from the same solution of 
fibrin or molecules capable of forming fibrin, such as fibrinogen or thrombin. In another 

20 embodiment, a secondary source of cells can be delivered to the fibrin matrix during 
electroprocessing. In one embodiment, cells may be dribbled onto the mandrel during 
electroprocessing of fibrin. 

Cells may be suspended within an aerosol as a delivery system for the cells to the 
electroprocessed fibrin matrix. The cells may be delivered in this manner while the fibrin 

25 matrix is being formed. Cardiac fibroblasts were suspended in phosphate-buffered saline 
(PBS) at a concentration of approximately one million cells per milliliter. The suspension of 
cells was placed within a reservoir of a Paasche air brush. To test the efficacy of using this 
type of device to deliver cells we initially sprayed the cell suspension onto a 100 mm culture 
dish. Some of the cells survived, attached to the dish and spread out over the substratum. 

30 In the second trial the culture dish was located further away from the air brush and the 

experiment was repeated. Cells were observed on the dish. They appeared to be flattened by 
the impact and were partially spread out over the surface of the substratum. Culture media 
was added to the dish and the cells were placed into an incubator. After one hour of culture, 
the cells were re-inspected and many were found to have spread out further over the 

35 substratum. These results demonstrate that a simple airbrush device can be used to place cells 
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into an aerosol droplet and deliver them on demand to a surface or site of interest. Cell 
viability may be improved by restricting this technique to cells that are resistant to the shear 
forces produced in the technique, developing a cell suspension with additives that cushions 
the cells or refining the aerosolizing device to produce a more laminar flow. In addition 
5 directing the cell aerosol into fibrin filaments as they are undergoing polymerization in the air 
gap between the mandrel and source(s) of molecules capable of forming electroprocessed 
fibrin would cushion the cells. While not wanting to be bound by the following statements it 
is believed that the cells will be trapped in the filament storm produced by electrospinning or 
electroprocessing and pulled onto the mandrel. This should be less traumatic to the cells than 

10 directly spraying the cells onto a solid surface. 

An alternative method to deliver cells to the fibrin matrix involves electroaerosol 
delivery of the cells. Cells can be deposited by electrostatic spraying at 8kV directly onto 
standard polystyrene culture dishes, suggesting that electrostatic cell spraying is a viable 
approach. We have also electroaerosoled cardiac fibroblasts in PBS up to a 20 Kv potential 

15 difference. 

Schwann cells (rat) were plated on a PS petri dish by conventional methods after one 
day. Schwann cells were also electrosprayed onto a PS petri dish with a metal ground plate 
behind the dish at lOkV after one day. Both samples grew to almost confluence after one 
week. This provides some distinct advantages. First, the shear forces produced during the 

20 delivery phase (i.e. the production of the aerosol) appear to be much less traumatic to the 
cells. Second, the direction of the aerosol can be controlled with a high degree of fidelity. In 
essence the cell aerosol can be "painted" onto the surface of interest. This allows the cell to 
be targeted to specific sites. In electroaerosol delivery, cells are suspended in an appropriate 
media (e.g. culture media, physiological salts etc) and charged to a voltage, and directed 

25 towards a grounded target. This process is very similar to that used in electroprocessing, 
particularly electrospinning. The produces a fine mist of cells trapped within the droplets as 
they are produced and directed at the grounded target. 

Cells may be delivered using aerosol and electroaerosol techniques onto an matrix 
forming by electroprocessing techniques, for example a fibrin matrix that is undergoing 

30 electrodeposition, perhaps via electrospinning. The electroaerosol of cells might be delivered 
in parallel (i.e. along side the electrospinning fibrin) with the electrospun fibrin matrix or 
from a separate site. The cells may be delivered to the filament storm produced within the air 
gap in the fibrin electrospinning process or directed at the target. The cells and 
electroprocessed fibrin matrix also may be delivered in an alternative fashion to the target, 

35 i.e. electrodeposit the matrix, aerosol the cells, electrodeposit the matrix, aerosol the cells. 



WO 02/18441 



PCT/US01/27409 



27 



This would allow for the discreet layering of the construct in separate layers. A vapor source 
could be provided that directs water onto the mandrel of target used to collect the cells. This 
would improve viability by keeping the cells from dehydrating during processing. 

Cells might be added to the electroprocessed fibrin matrix at any time or from any 
5 orientation in any aerosol strategy. A final consideration is that an aerosol of cells or other 
materials, such as drugs, coagulation factors, antiinflammatories, growth factors, 
antibacterials, or DNA, might be delivered directly to an in situ site. For example, an 
electroprocessed fibrin matrix, perhaps an electrospun fibrin matrix might be produced 
directly onto a skin wound, with or without cells. Then additional cells or materials might be 

10 aerosolized onto or into the wound site. Other surgical sites may also be amenable the 
delivery of materials using various electrodeposition techniques such as electroaerosol, 
electrospinning, electrosputtering, electrospraying or a combination of these methods. 

Yet another embodiment for cell delivery that has many potential applications is to 
trap cells or drugs within a carrier prior to producing an aerosol. For example, cells or drugs 

15 or other materials might be encapsulated within a material like alginate. The encapsulated 
cells would be physically protected from shear and trauma during processing. Cells delivered 
in this form to the electroprocessed fibrin matrix would be expected to have higher viability 
when sprayed or electrostatically seeded. This type of strategy can also be used to specify 
release profiles of entrapped materials, like drugs or peptides that may not interact with the 

20 fibrin fibers used in electroprocessing. For example, a drug like penicillin might not bind or 
interact with an electrospun matrix of fibrin. However, the drug could be entrapped in PGA 
pellets, PLA pellets or even electroaerosoled to produce pellets into the electrospun matrix of 
fibrin. The pellets or electroaerosoled droplets containing the penicillin would begin to 
dissolve to deliver the entrapped material. The release profile can be tailored by the 

25 composition of the material used in the process. In addition to delivery of cells, fragmented 
cell debris or cell fragments may alternatively be delivered to the electroprocessed fibrin 
matrix, in the presence or absence of intact cells. Cell fragments are known to promote 
healing in some tissues. Thus, in some applications it may be desirable to incorporate 
cellular debris into the electroprocessed fibrin matrix, either directly within the fibrin forming 

30 solutions during electroprocessing, or indirectly from a separate source. 

The foregoing discussion has been limited to specifics with respect to building an 
electroprocessed extracellular fibrin matrix. In order to build tissue or organs (or organ-like 
tissue), it is necessary to add cells to the matrix. Preferably, the cells are added either before 
or at the same time as the fibrinogen and thrombin mixtures are brought together. In this 

35 way, the cells are suspended throughout the three-dimensional matrix. Typically, the cells 



WO 02/18441 



PCT/US01/27409 



28 



are included in the mixture that contains the fibrinogen (whether it is plasma or purified 
fibrinogen). When the fibrinogen and thrombin are brought together immediately prior to 
insertion into a mold, or immediately prior to the streaming step in the electro spinning 
process, the result is a good distribution of cells in suspension in the resulting extracellular 
5 matrix. Cells may also sprayed or dribbled into the forming matrix and thereby trapped as 
the matrix crosses the air gap between the source solutions and target. 

Many types of cells can be used to create tissue or organs. Stem cells, committed 
stem cells, and/or differentiated cells may be used. Also, depending on the type of tissue or 
organ being made, specific types of committed stem cells can be used. For instance, 

1 0 myoblast cells can be used to build various muscle structures, neuroblasts can be employed to 
build nerves, osteoblasts are chosen to build bone. Other types of committed stem cells, and 
stem cells including uncommitted, and embryonic stem cells, bone marrow stem cells and 
umbilical cord stem cells can be used to make organs or organ-like tissue such as livers, 
kidneys, etc. Also differentiated cells, like fibroblasts can be used in fibrin matrix to make a 

15 patch, for example a hernia patch, endothelial cells for skin, osteoblasts for bone, and 
differentiated cells like cadaver donor pancreatic islet cells (using the fibrin as a solid phase) 
for a delivery device to place these cells in a specific site, for example the liver. As noted 
earlier, the shape of the fibrin-containing extracellular matrix may help send signals to the 
cells to grow and reproduce in a specific type of desired way. Other factors and 

20 differentiation inducers may be added to the matrix to promote specific types of cell growth. 
Further, there may be different mixtures of cell types that are incorporated into the 
extracellular matrix. This could be used to enhance, for instance, the vascularization of the 
resulting "organ" or "organ-like" tissue. 

In certain disease states, organs are scarred to the point of being dysfunctional. A 

25 classic example is cirrhosis. In cirrhosis, normal hepatocytes are trapped in fibrous bands of 
scar tissue. With the techniques described herein, the diseased liver could be biopsied, viable 
liver cells obtained, grown in this new electroprocessed fibrin-containing extracellular matrix, 
and re-implanted in the patient as a bridge to or replacement for routine liver transplantations. 
Mixing of committed cell lines in a three dimensional matrix can be used to produce 

30 structures that mimic complex organs. By growing glucagon secreting cells, insulin secreting 
cells, somatostatin secreting cells, and/or pancreatic polypeptide secreting cells, or 
combinations thereof, in separate cultures, and then mixing them together in a fibrin matrix 
through electroprocessing, an artificial pancreatic islet is created. These structures could then 
be placed under the skin, retroperitoneally, intrahepatically or in other desirable locations, as 

35 implantable, long-term treatments for diabetes. 
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Other non-limiting applications include hormone-producing cells. Numerous 
applications fall within this category; for example, replacement of anterior pituitary cells to 
affect synthesis and secretion of growth hormone secretion, luteinizing hormone, follicle 
stimulating hormone, prolactin and thyroid stimulating hormone, among others. Gonadal 
5 cells, such as Leydig cells and follicular cells may be employed to supplement testosterone or 
estrogen levels. Specially designed combinations may be useful in hormone replacement 
therapy in post and perimenopausal women, or in men following decline in endogenous 
testosterone secretion. Dopamine-producing neurons may be used and implanted in a fibrin 
matrix to supplement defective or damaged dopamine cells in the substantia nigra. A 
10 patient's own stem cells or other stem cells may be mixed with slightly damaged cells, for 
example pancreatic islet cells, or hepatocytes, and placed in an electroprocessed fibrin matrix 
and later harvested control the differentiation of the stem cells into a desired cell type. This 
could be done in vitro or in vivo. The newly formed differentiated cells may then be 
introduced into the patient. 

15 

Substance Delivery Using Electroprocessed Fibrin 

In addition, depending upon the application, substances including but not limited to 
drugs, anti-oxidants, vitamins, cosmetics, nucleic acids, vectors, wound care products, and 
hormones might be delivered and confined to a relatively local environment using 

20 electroprocessed fibrin. Other substances and drugs include the following non-limiting list: 
antibiotics, antibacterials, anti-inflammatories or substances that promote healing, antibiotics, 
antimycotics, chemotherapy agents, antifungals, analgesics, hormones, emollients, 
humectants, anti-oxidants, vitamins, rejection drugs, and conditioners. Some preferred drugs 
or substances include, but are not limited to, estrogen, androgen, cortisone, cyclosporin, 

25 peptide growth factors including VEGF (vascular endothial growth factor), NGFs (nerve 
growth factors), PDGF-AA, PDGF-BB, PDGF-AB, FGFb, FGFa, and BGF (bone growth 
factors). It is to be understood that any desired substance or drug may be combined with the 
electroprocessed fibrin. In the following paragraphs, drug and substance may be used 
interchangeably. 

30 For example, for a pressure ulcer (e.g. bedsore) a drug or drugs might be delivered to 

a topical site by an electroprocessed fibrin matrix. In effect, the electroprocessed fibrin 
matrix would function as a biologically compatible bandage that delivered drugs without 
need to remove it because it would breakdown and dissolve naturally. For more general drug 
delivery throughout a system, the electroprocessed fibrin matrix might be inserted into a body 

35 cavity or placed in a sub-dermal domain. In all cases the release of the drug could be tailored 
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to be local or systemic, sustained or more transient. 

An electroprocessed fibrin matrix may be used to deliver drugs (or again other agents 
that must be released in a controlled manner in other applications) in a variety of different 
ways. There is no limitation to the number of nozzles or solvent reservoirs that might be used 
5 in the processing of materials in this process. 

Drug molecules may be mixed in the solvent carriers used to prepare fibrin for 
electroprocessing. In this system biologically compatible synthetic polymers (e.g. PLA or 
PGA, polymer blends or other polymers), naturally occurring polymers (e.g. fibrinogen, 
thrombin, fibrin or other molecules capable of forming fibrin, or synthetic polymers of 

10 natural materials) might be mixed with various drugs and directly electroprocessed. The 
resulting electroprocessed fibrin-containing matrix could be topically applied to a specific 
site, drugs would be released from the matrix as a function of the fibrin undergoing 
breakdown in the surrounding environment. The state of the electroprocessed fibrin in 
relation to the incorporated drugs is dictated and could be controlled by the chemistry of the 

15 system and varies by the fibrin forming solvent(s), and the drug solubility. These parameters 
can be manipulated to control the release of the drugs (or other elements into the surrounding 
environment). The electroprocessed fibrin-containing matrix can also be fabricated by 
electrospray or a mixture of electrospray and electrospinning, or any other permutation. This 
approach provides another level of control for the delivery of a drug. 

20 In another embodiment, the drug is purposefully fabricated as a collection of 

aggregates in suspension with the substrates used for electroprocessing fibrin. 
Electroprocessing this type of solution incorporates the drug particles physically within the 
electroprocessed fibrin matrix. Release of the drug molecules from the electroprocessed fibrin 
matrix is a function of fibrin breakdown and the dissolution of the drug particles into the 

25 surrounding environment. Using the same drug in solution, rather than suspension, during the 
electroprocessing process can be expected to exhibit a different pattern of release and yet 
another level of control for the process. In other examples, particles of the drug might can be 
trapped within the electroprocessed fibrin matrix. Release would be dictated by a complex 
interplay of aggregation, dissolution and fibrin matrix breakdown. 

30 In other examples it might be desirable to covalently or chemically bond a drug 

molecule to the electroprocessed fibrin or fibrinogen. In theory, such molecules might only 
be released as the polymer carrier underwent hydrolytic or enzymatic breakdown. This 
application is particularly attractive for biomedical engineering or other surgical applications. 
Drugs such as angiogenic peptides and neural growth factors might be coupled to the polymer 

35 backbone of a electroprocessed fibrin matrix used to support an engineered tissue. Again as 
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the fibrin matrix underwent dissolution, the peptides would be released in a controlled 
manner in a localized domain in a gradient. The formation of peptide gradients is a critical 
regulatory component of many biological processes, for example in neovasculogenesis. In 
surgical applications, anti-vascular peptides or anti-sense oligonucleotides might be 
5 incorporated into an electroprocessed fibrin matrix that is then wrapped around a tumor that 
is inaccessible to conventional treatments. Release of the anti- vascular substances would 
suppress tumor growth. In another use, sense and antisense oligonucleotides (genetic 
material but not full length genes) are used to promote or inhibit cell function for a period of 
time. For example, an antisense oligonucleotide could be used in an electroprocessed fibrin 

10 matrix to suppress the expression of a deleterious enzyme in a wound. One target is the 
enzyme class called MMPs that are over expressed in chronic wounds. 

Drugs might also be prepared as particles, an aerosol or perhaps a vapor. An 
electroprocessed fibrin matrix might be spun through these materials to passively trap the 
drugs to be delivered within the fibrin matrix. The process depends on the physical 

15 entrapment of particles or molecules within the fibrin matrix. Large objects, like cells or 
tablets, could be trapped in the matrix using this approach. This later conception of the idea 
could be accomplished simply by dropping materials onto or through a stream or fibrin 
forming solutions as an electroprocessed fibrin matrix is fabricated. 

Control of drug release from the electroprocessed fibrin matrix may be further 

20 regulated by strain or by incorporating magnetic materials or electrically conductive materials 
into the fibrin matrix as it is electroprocessed. Applying mechanical forces to an electrospun 
matrix can hasten its breakdown by altering the crystallinity of the material. Similar changes 
in stability might be achieved by incorporating materials that are magnetically sensitive or 
electrically sensitive into a matrix as it is electroprocessed. A magnetic or electric field might 

25 then be subsequently applied across the electroprocessed fibrin matrix to stimulate movement 
or conformational changes in the matrix that subsequently stimulate the release of material 
from the electroprocessed fibrin matrix. This could be accomplished by directly altering the 
arrangement of the electroprocessed fibrin matrix to make it adopt a conformation more 
favorable for drug release. 

30 Magnetic or electrically sensitive materials placed in a sub-dermal location or other 

location might be used to deliver drugs over a long interval of time. For example, an 
electroprocessed fibrin matrix that had magnetic or electrical properties and insulin might be 
fabricated and placed subdermally in an inconspicuous site. By passing a magnetic field or an 
electrical field across the electroprocessed fibrin matrix, drug release could be induced. This 

35 could be used to deliver drugs in a controlled fashion over a long period of time from the 
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electroprocessed fibrin matrix. 

Another variation of this theme is to fabricate an electroprocessed fibrin matrix with 
electromagnetic properties that could be implanted and stimulated to exert force on the 
encapsulated material. For example, such a device could be used as a temporary left 
5 ventricular assist device that could be made to be permanent, or one that could be designed to 
dissolve over time, eliminating the need for surgery to recover the device once the heart had 
recovered sufficiently. 

Treatment of the Electroengineered Tissue Containing Electroprocessed Fibrin 

10 Once the electroengineered tissue containing electroprocessed fibrin and cells is 

assembled, the tissue can be inserted into a recipient. Alternatively, the structure can be 
placed into a culture to enhance the cell growth. Different types of nutrients and growth 
factors can be added to a culture (or administered to a recipient) in order to promote a 
specific type of growth of the engineered tissue. In one example, specifically in connection 

15 with the preparation of an engineered muscle tissue, the electroengineered tissue containing 
fibrin and cells can be mechanically or passively strained or electrically preconditioned in 
order to stimulate the alignment of cells to form a more functional muscle implant. In a skin 
patch, application of stress may facilitate orientation of the skin for use in an area such as the 
scalp, exposed to significant stretching force. Passive strain in this context refers to a process 

20 in which strain is induced by the cells themselves as they contract and reorganized a matrix. 
This is typically induced by fixing the ends of the electroengineered fibrin matrix. As the 
cells contract and alter the matrix the fixed ends of the matrix remain in place and thereby 
strain the cells as they "pull" against the isometric load. The strain not only aligns the cells, it 
sends signals to them with respect to growth and development. The construct can also be 

25 strained externally, i.e. the construct can be prepared and then stretched to cause mechanical 
alignment. Stretch is typically applied in gradual fashion over time. The fibrin can also be 
stretched to cause alignment in the matrix before the cells are added to the construct (i.e. form 
the matrix, stretch the matrix and then add the cells). 

The electroengineered cell-fibrin matrix is also useful for testing various gene 

30 therapies. In other words, by working with the cells/fibrin in vitro, different types of gene 
therapy and manipulation can be achieved by inserting preselected DNA in the suspension 
(either the cells, fibrin, plasma, etc.). There is a wider range of therapeutic techniques 
available in vitro than when techniques are attempted to be administered in vivo. Nonviral 
techniques such as electroporation may be used to treat the cultured cells prior to insertion 

35 into the fibrin matrix. They may also be treated within the fibrin matrix before the 
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electroengineered tissue is inserted into a recipient. In vitro gene transfer avoids the exposure 
of a recipient to viral products and avoids the potential for germ cell line viral incorporation. 
It avoids the problem of finding or engineering viral coats large enough to accept large genes 
such as the one for Factor VIII (anti-hemophilic factor). However, in vivo gene therapy may 
5 be accomplished by incorporating DNA into the fibrin as it is created through the 
electroprocessing techniques of the present invention, whereby some DNA will be 
incorporated into the in vivo cells in contact with the fibrin as the fibrin slowly degrades in 
vivo. This is especially true of small gene sequences, such as antisense oligonucleotides. 
Adding additional agents to the matrix during or after processing can be used to manipulate 
10 gene transfection rates and the efficiency of transfection. For example, adding fibronectin to 
the matrix will increase the pinocytotic activity of the cells and increase the uptake of 
materials, including gene sequences, from the surrounding matrix. Alternatively, agents 
conventionally used in gene transfection may be added to the matrix, such as lipofection 
agents. 

15 The engineered tissue/organ allows permits the in vitro culturing of a patient's tumor 

cells to identify in vitro susceptibility to various types of chemotherapy and radiation therapy. 
This application is essentially using the matrix as a diagnostic tool. In this way, alternative 
chemotherapy and radiation therapy treatments may be analyzed to calculate the very best 
treatment for a specific patient. For instance, an engineered tissue may be manufactured that 

20 includes fibrin and cancer cells, preferably a patient's own cancer cells. Multiple samples of 
this tissue can then be subjected to multiple different cancer therapies. The results from 
different treatments can then be directly compared to each another for assessment of efficacy. 

Engineered Fibrin Implant and a Bioreactor 

25 An engineered fibrin implant can comprise one or more of the following components, 

although this is a non-limiting list. They are skeletal muscle, cardiac muscle, nerve guides, 
brain constructs as a filler for damaged/removed areas of the brain that are lost during 
accident or disease, cartilage scaffoldings, sheets for cosmetic repairs, skin (sheets with cells 
added to make a skin equivalent), vascular grafts and components thereof, sheets for topical 

30 applications (skin covering but no additional cells-just a patch), drug and substance delivery. 

There are several kinds of commercially available bioreactors, devices designed to 
provide a low-shear, high nutrient perfusion environment. Until recently, most of the 
available bioreactors maintained cells in suspension and delivered nutrients and oxygen by 
sparging, through the use of impellers, or other means of stirring. The RCCS bioreactor 

35 (Synthecon) is a rotating wall bioreactor. It consists of a small inner cylinder, the substrate 
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for the electrospinning process, positioned inside a larger outer cylinder. Although the 
electrospun or electroaerosol fibrin-containing matrix can be fabricated on the inner cylinder, 
other locations within the bioreactor also may be used for placement of the fibrin matrix for 
seeding. The gap between the inner and outer cylinders serves as the culture vessel space for 
5 cells. Culture medium is oxygenated via an external hydrophobic membrane. The low shear 
environment of the Synthecon RCCS bioreactor promotes cell-cell and cell-extracellular 
matrix (ECM) interactions without the damage or "washing away" of nutrients that occurs 
with active stirring or sparging. Typically, the RCCS device is operated at rotation rates of 8 
up to 60 RPM, as required to maintain cells in suspension, and at less than 8 RPM (preferably 

10 2-3 RPM) for cultures immobilized along the center shaft of the vessel. The Synthecon 
bioreactor can be used in a standard tissue culture incubator. These values for spin rates and 
other parameters may be varied depending on the specific tissue created. 

Electroprocessed fibrin, particularly cross-linked electroprocessed fibrin is useful in 
formation of prostheses. One application of the electroprocessed fibrin is in the formation of 

15 medium and small diameter vascular prostheses. Some examples include, but are not limited 
to coronary vessels for bypass or graft, femoral artery, popliteal artery, brachial artery, tibial 
artery, radial artery or corresponding veins. The electroprocessed fibrin is useful especially 
when combined with endothelial cells on the inside of the vascular prosthesis, for example a 
collagen tube, and also when combined with fibroblasts on the outside of the collagen tube. 

20 More complicated shapes including tapered and/or branched vessels may also be constructed. 
All that is necessary is a different-shaped mandrel to wind the large fibers around or to orient 
the electrospun/electroaerosol polymer. 

Combination of electroprocessed fibrin and wound polymer fibers can provide 
optimal growth conditions for cells. The polymer forms a basic structural matrix and the 

25 electroprocessed fibrin matrix is used to deliver the cells. This facilitates cell attachment 
onto the structural matrix. Furthermore the stress in the polymer can also orient fibrin fibers 
in the matrix providing further spatial cues for the cells. 

In an alternative fabrication strategy, a cylindrical construct is electrospun onto a 
suitable target, for example a cylindrical mandrel. Other shapes are also possible and the 

30 shape is determined by the shape of the site that the implant is designed to be placed within. 
This matrix may be composed of electroprocessed fibrinogen/fibrin (for example to promote 
neovascularization, cellular integration and infiltration from the surrounding tissue), collagen 
(to promote cell infiltration and lend mechanical integrity), and other components, for 
example PGA, PLA, and PGA-PLA blends, PEO, PVA or other blends. The relative ratio of 

35 the different components of this construct can be tailored to specific applications (e.g. more 
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fibrin less collagen for enhanced vascularization in a skin graft). To fabricate a cylindrical 
muscle the construct is filled with muscle or stem cells or other cell type and the distal ends 
of the electrospun constructs are sutured or sealed shut prior. The cells can be mixed with 
various matrix materials to enhance their distribution within the construct. For example the 
5 cells may be mixed with electroprocessed fibrin or collagen prior to insertion into the 
construct. The objective of this strategy is to provide additional mechanical support to the 
construct and provide the cells with a three dimensional matrix within the construct to 
promote growth. This also helps to maintain the cells in an even distribution within the 
construct. This method can be used to enhance the alignment of the cells within the 

10 construct. This "filling" material may be extruded directly into the cylindrical construct, as 
the filling is extruded, alignment occurs. Mixing endothelial cells with the other cells 
inserted into the construct (or other cell types) can be done to accelerate neovascularization. 
Another method to accomplish this objective is to electrospin endothelial cells directly into 
the electroprocessed fibrin matrix that aids in formation of the cylindrical sheath. The 

15 alignment of the fibers within the electrospun matrix that comprises the construct can be 
controlled by controlling the relative movement of the target and source solution with respect 
to one another. Other cell types, such as tendon fibroblasts, could be electrospun into or onto 
the outer surface of the construct to enhance the formation of the outer connective tissue 
sheath that forms the construct. Other design principles described in this document can be 

20 used in conjunction, for example the addition of peptide growth factors, antibiotics, and/or 
anti-rejection drugs, to the electrospun matrix. The entire construct can be cultured in a 
bioreactor, conventional culture or placed directly in vivo. The use of other cell types can be 
used to fabricate other tissue types. 

Vascularization of the engineered tissue containing electroprocessed fibrin will occur 

25 in situ several days after surgery. It can be stimulated further, as mentioned above, by 
angiogenic and growth-promoting factors, either administered as peptides, proteins or as gene 
therapy. Neovascularization of an engineered construct containing electroprocessed fibrin 
can also be enhanced by mixing endothelial cells into the construct during fabrication. 
Another alternative for supplying engineered tissue containing electroprocessed fibrin with a 

30 vascular supply is to temporarily transplant the tissue into the omentum. The omentum has 
an extensive and rich vascular supply that could be used like a living incubator for the 
support of engineered tissue. The engineered tissue is removed from a bioreactor, wrapped in 
the omentum and supported by the diffusion of nutrients and oxygen from the surrounding 
tissue in the omentum. Alternatively, or in addition to this approach, engineered tissue is 

35 connected directly to the endogenous vascular supply of the omentum. A blood vessel might 1 
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be partially perforated or cut or left dissected free of the omentum. The engineered tissue 
containing electroprocessed fibrin is wrapped around the vessel. The engineered tissue is 
supported by nutrients leaking from the perforated vessel or by the simple diffusion of 
nutrients if the vessel is left intact. Regardless of strategy, the engineered tissue is 
5 surrounded by the omentum and its rich vascular supply. 

Tissue containing electroprocessed fibrin may be engineered with an endogenous 
vascular system. This vascular system may be composed of artificial vessels or blood vessels 
excised from a donor site on the transplant recipient. The engineered tissue containing 
electroprocessed fibrin is then assembled around the vessel. By enveloping such a vessel 

10 with the tissue during or after assembly of the engineered tissue, the engineered tissue has a 
vessel that can be attached to the vascular system of the recipient. In this example, a vessel in 
the omentum is cut, and the vessel of the engineered tissue is connected to the two free ends 
of the omental vessel. Blood passes from the omental vessel into the vascular system of the 
engineered tissue, through the tissue and drains back into the omentum vessel. By wrapping 

15 the tissue in the omentum and connecting it to an omental blood vessel, the engineered tissue 
is supported by the diffusion of nutrients from the omentum and the vessel incorporated into 
the tissue during its fabrication. After a suitable period of time the tissue is removed from the 
omentum and placed in the correct site in the recipient. By using this strategy the engineered 
tissue containing electroprocessed fibrin is supported in a nutrient rich environment during 

20 the first several days following removal from the bioreactor. The environment of the 
omentum also promotes the formation of new blood vessels in implanted tissue. This 
omental incubator strategy can be combined with the other strategies such as combining 
angiogenic factors in the fibrin during electroprocessing. Several options are available. First, 
the implants can be seeded with angioblasts and/or endothelial cells to accelerate the 

25 formation of vascular elements once the engineered tissue is placed in situ. Second, 
angiogenic peptides can be introduced into the engineered tissue via an osmotic pump. The 
use of an osmotic pump permits delivery of peptides or, as noted, angiogenic peptides or 
growth factors directly to the site of interest in a biologically efficient and cost-effective 
manner. VEGF delivered to ischemic hind limbs of rabbits accelerated capillary bed growth, 

30 increased vascular branching and improved muscular performance with respect to ischemic 
controls. An alternative approach is to "seed" fully differentiated tissue constructs containing 
electroprocessed fibrin with additional endothelial cells and or angioblasts shortly before they 
are implanted in situ. Incorporating angiogenic agents into the electroprocessed fibrin matrix 
can also be used. The gradual degradation/breakdown of the matrix will release these factors 

35 and accelerate the ingrowth of blood vessels. Nerve growth factors can be electrospun into 
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the matrix to promote growth or neurons into the matrix and tissue. 

The stem cells or other cells used to construct the implant can be isolated from the 
subject, or other compatible donor requiring tissue reconstruction. This provides the 
advantage of using cells that will not induce an immune response, because they originated 
5 with the subject (autologous tissue) requiring the reconstruction. Relatively small biopsies 
can be used to obtain a sufficient number of cells to construct the implant. This minimizes 
functional deficits and damage to endogenous tissues that serve as the donor site for the cells. 

The present invention is further illustrated by the following examples, which are not 
to be construed in any way as imposing limitations upon the scope thereof. On the contrary, 
10 it is to be clearly understood that resort may be had to various other embodiments, 
modifications, and equivalents thereof, which, after reading the description herein, may 
suggest themselves to those skilled in the art without departing from the spirit of the present 
invention. 

15 Example 1 

Cell Culture 

Several types of cells are used in experiments with the fibrin and plasma : 

a) Schwann cells from transgenic mice with truncated SCIP transcription factor. 
These cells have shown premature and excessive myelination in vivo. This line of cells was 

20 selected, because they can be easily cultured in large quantities without any special factor. 

b) Primary rat Schwann cells from sciatic nerve. These cells do not divide under the 
following experimental conditions. Those test cells were not from a cell line. 

In all cases the cells were maintained in 10.5 cm 2 plastic culture flasks with 
Dulbecco's modified pyruvate-free Eagle medium augmented with 10% bovine serum and 

25 1% streptomycin-penicillin (Gibco BRL, Grand Island, NY). The cultures were placed in an 
incubator at 37°C, 7% C0 2 and 100% relative humidity (RH). 

Cells type (a) were cultured to confluence then harvested. Cells type (b) were 
harvested as needed. Cells type (c) were grown in subconfluent cultures for several passages. 
In order to remove the cells for use, the growth media was drained and the culture was treated 

30 with 1 mL trypsin-EDTA (Gibco BRL) until the cells detached from the bottom of the dish. 
The trypsin was then neutralized with 4 mL of fresh media and the content of the flask 
transferred to a centrifuge tube. The cells were concentrated by centrifugation at 130 g for 5 
minutes. The supernatant was removed and the cells resuspended in fresh media to densities 
of about 10 6 cells/mL for cell type (a) and (c) and 2-5x1 0 5 cells/mL for cell type (b). These 

35 cell suspensions were used in some of the following examples. 
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Example 2 

Preparation of Thrombin, Fibrinogen and Plasma Stock Solutions 

Thrombin was obtained from Baxter as a lyophilized power and dissolved in 10 raM 
5 calcium chloride in deionized water to a concentration of 50 units/mL. Alternatively, 
lyophilized thrombin (Sigma, American Diagnostic, etc.) can be dissolved in 0.15 M NaCl 
and calcium can be added at the time of clot formation. Blood was obtained by aseptic, 
nontraumatic venipuncture of a normal volunteer. The blood was collected into blue top 
vacutainer tubes containing 3.8% sodium citrate. The citrate binding of calcium prevented 

10 coagulation of the sample. Platelet poor plasma was prepared by centrifugation at 10,000 g 
for five minutes. Plasma was decanted from the top of the spun tube leaving the last 
centimeter depth of plasma on top of the cells to minimize cellular contamination. The 
citrated platelet poor plasma was filtered through a 0.45 micron filter under sterile conditions 
to remove fine particulate. Unused portions were stored up to three weeks at 4°C. 

15 Fibrinogen was obtained from Sigma as a lyophilized powder and used immediately after 
dissolution in sterile 10 mM Tris buffer at pH 7.4 and 0.138 M NaCl to a concentration of 3 
mg/mL (roughly the concentration in plasma). 

20 

Example 3 

Orientation of Electroprocessed Fibrin and Cells 

Cells are known to adapt to their environment to suit their needs. Both muscle cells 
and Schwann cells self-reorganize fibrin strands into a highly oriented structures. Cells in an 

25 electroprocessed fibrin matrix may be oriented through application of mechanical force. 

An electroprocessed tissue comprising electroprocessed fibrin matrix and cells 
(fibroblasts) to be used as skin is subjected to force in the following manner. A short piece of 
sterile Normex string 1 1, a stranded polyimid polymer string from Dupont, is attached to each 
end of the electroprocessed tissue (Figure 1). Each end of the Normex string 11 is then 

30 attached to a set of nylon screws 12 mating with a 5 mm thick polyethylene holder 13. There 
is sufficient friction between the screws 12 and the holder 13 to prevent any motion once the 
screws are set. The Normex strings 1 1 are tensioned by slightly turning the nylon screws 12 
until the fibrin strains in the electroprocessed tissue show alignment under the applied strain. 
No other adjustments are made to the apparatus for the reminder of the experiment. A control 

35 is also performed using similar electroprocessed tissue which is not subjected to externally 
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applied strain. The tissue subjected to force demonstrate alignment of fibroblasts and greater 
tensile strength than the tissue not subjected to force. 

Example 4 

5 Electroaerosol Fibrin and Cells: 

A diluted cell suspension 20 in plain plasma and the stock thrombin solution 21 (~1 
mL of each) were loaded into separate 3 mL plastic syringes 22 (Figure 2). The syringes 22 
were inserted in separate syringe pumps and connected to a mixing tee 23 via a size 13 Tygon 
tube 24. A 27 gauge needle 25 terminated the outlet of the mixing tee. The needle was 
10 connected to one pole of a Spellman CZE 1000R high voltage power supply 26. The other 
pole was connected to a stainless steel foil 27 attached to the back of a plastic culture dish. 
The mixing tee 23 was placed at about 10 cm from the culture dish. Each of the pumps was 
set to deliver 1.15 mL/min and a potential of -10 kV was applied, causing fibrin/cell drops to 
travel from the tip of the needle 25 to the culture dish. 

15 

Example 5 

Assessment of Biological Activity of a Substance on Cells in an Electroprocessed Fibrin 
Matrix 

A 54 year old man is diagnosed with malignant melanoma. Melanoma cells are 
20 removed from the biopsy and cultured. The cultured melanoma cells are loaded into a 
charged syringe. In a separate experiment, cultured melanoma cells are loaded into an aerosol 
device. Electroprocessed fibrin matrices are formed and the melanoma cells are 
electrodeposited into the forming fibrin matrix or applied to the forming fibrin matrix through 
an aerosol method. Fifty of these samples are produced. 
25 Different samples of the melanoma cells in the electroprocessed fibrin matrix are 

subjected to a dose range of one or more putative chemotherapeutic agents for melanoma. A 
mitotic index is calculated at selected time intervals following exposure to the 
chemotherapeutic agents. Trypan blue exclusion is also evaluated. The results indicate 
which agent suppresses mitosis of melanoma cells and affects cell viability. 

30 

Example 6 

Artificial Pancreatic Islet in Electroprocessed Fibrin Matrix 

A mixture of cultured insulin secreting cells is seeded into an electroprocessed fibrin 
matrix to form an electroprocessed fibrin-containing tissue. The electroprocessed fibrin 
35 matrix containing the insulin secreting cells is implanted into a diabetic recipient in need of 
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insulin. This electroprocessed fibrin-containing tissue optionally further contains a vessel. 
The matrix is implanted into the retroperitoneal space and the vessel is anastomosed into the 
hepatic portal circulation. Insulin is released from the insulin-containing cell and is 
transmitted to the circulation. 
5 The electroprocessed fibrin matrix containing the insulin secreting cells is optionally 

supplemented with cells that synthesize and secrete glucagon, somatostatin, pancreatic 
polypeptide, or combinations thereof, in order to mimic the hormonal complement of the 
pancreatic islet. 

10 Example 7 

Electroprocessed Schwann cells in an Electroprocessed Fibrin Matrix 

This experiment has been performed first using a peristaltic pump and later using two 
syringe infusion pumps. Experiments were also performed with cells suspended in either 2-3 
mg/mL fibrinogen or using human plasma. 

15 The following describes what was done with the infusion pumps which is similar to 

what was done with the peristaltic pump. The cells (Weinstein Schwann) were seeded at a 
concentration between 10 5 to 10 7 into 0.4 um filtered plasma (already containing fibrinogen) 
or standard Eagle media augmented with 2-4 mg/mL fibrinogen. 10 uL of 10,000 klU 
aprotinin was added to each mL of cell suspension to retard clot degradation. This 

20 suspension was loaded into a 3 mL plastic syringe. A second 3 mL syringe was filled with a 
filtered solution of thrombin between 50-200 IU/mL complemented with sufficient calcium 
chloride so that the final mixture would gel. These mixtures were processed under the 
laminar flow hood to maintain aseptic conditions. 

The syringes were each mounted onto separate syringe infusion pumps. Using dual 

25 pumps permitted variation of the concentration of thrombin to fibrinogen and thus affected 
the clotting rate. The outlet of the syringes were connected, via short lengths of size 13 
Tygon tubing, to a mixing tee. The outlet consisted of a metal syringe needle (various gauges 
were used, 1 8-27) which served as one of the electrodes in the electrospinning setup. The 
target consisted of a standard plastic culture dish placed at about 10 cm away from the outlet 

30 of the mixing tee. Aluminum foil was affixed to the back of the dish with tape to provide a 
counter electrode. To perform electrodeposition, the pumps were started (using flow rates of 
less than 0.25 ml/min to several mL/min) and the applied voltage was slowly increased to the 
point where electrodeposition proceeded (4-6 kV). The experiment was completed in less 
than 10 min to minimize settling of the cells inside the tubing/syringe. Following the 

35 electrodeposition, the gel was allowed to cure in the 37°C incubator for about one hour prior 
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to topping the dish with culture media augmented with 10 uL/mL of aprotinin. The results 
were analyzed and demonstrated healthy appearing Schwann cells embedded in the 
electroprocessed fibrin matrix. 

5 Example 8 

Delivery of Drugs in an Electroprocessed Fibrin Matrix. 

Different concentrations of nerve growth factor are added to fibrinogen solutions and 
electrosprayed in parallel with an electrosprayed thrombin solution into wells of a 96 well 
culture dish containing about 10 5 000 neuroblasts per well. These wells now contain cells and 
10 also a electroprocessed fibrin matrix containing nerve growth factor. The fibrin slowly 
dissolves and the neuroblasts proliferate in response to the nerve growth factor in a dose 
dependent manner. 

In another experiment, electroprocessed fibrin matrix containing nerve growth factor 
is prepared in a similar manner and is inserted into a traumatized segment of the lower 

15 cervical spinal cord of an animal injured in a fall. Another animal with a similar injury 
receives electroprocessed fibrin matrix without nerve growth factor. The recovery rates of 
the animals are evaluated. The animal receiving the electroprocessed fibrin matrix containing 
nerve growth factor exhibits a faster recovery of motor function of the forelimbs. 

All patents, publications and abstracts cited above are incorporated herein by 

20 reference in their entirety. It should be understood that the foregoing relates only to preferred 
embodiments of the present invention and that numerous modifications or alterations may be 
made therein without departing from the spirit and the scope of the present invention as 
defined in the following claims. 
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CLAIMS 

1 . Electroprocessed fibrin. 
5 2. The electroprocessed fibrin of Claim 1 in a matrix. 

3. The electroprocessed fibrin matrix of Claim 2, further comprising cells. 

4. The electroprocessed fibrin matrix of Claim 2, further comprising growth factors, 
10 differentiation inducers, anti-oxidants, vitamins, hormones, nucleic acids, drugs, peptides, 

nucleic acids, emollients, humectants, conditioners or cosmetics. 

5. An engineered tissue comprising the electroprocessed fibrin matrix of Claim 2 and 

cells. 

15 

6. The engineered tissue of Claim 5, wherein the cells are stem cells or differentiated 

cells 

7. Use of the electroprocessed fibrin or fibrin matrix of any of the preceding claims in 
20 an engineered tissue, as a wound dressing, for hemostasis, or for delivery of substances. 



8. Use of the electroprocessed fibrin matrix of Claim 3 for evaluating biological 
responses of the cells to a substance. 

25 9. A method of manufacturing the electroprocessed fibrin of Claim 1 comprising: 

electrodepositing one or more electrically-charged solutions comprising fibrin or 
molecules capable of forming fibrin onto a grounded target substrate under conditions 
effective to electrodeposit fibrin on said substrate. 

30 10. A method of manufacturing the electroprocessed, fibrin matrix of Claim 2 

comprising: 

electrodepositing one or more electrically-charged solutions comprising fibrin or 
molecules capable of forming fibrin onto a grounded target substrate under conditions 
effective to electrodeposit fibrin on said substrate to form the electroprocessed fibrin- 
35 containing extracellular matrix. 
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1 1 . A method of manufacturing an engineered tissue of Claim 5, comprising: 
electrodepositing one or more electrically-charged solutions comprising 

electroprocessed fibrin or molecules capable of forming fibrin, and cells, onto a grounded 
5 target substrate under conditions effective to deposit the electroprocessed fibrin and the cells 

onto the substrate. 
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Figure 1 
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Figure 2 
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